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More and more products containing nano-sized components are available. However, 
exposure to nanomaterials is growing faster than the knowledge about possible 
adverse health effects. Studies with airborne ultrafine particulate matter showed that 
inhalation of nanoparticles induced inflammatory reactions in the lung, which were 
stronger than for inhalation of micronsized particles. Moreover, the cancer incidence 
is elevated after inhalation of ultrafine particulate matter as a consequence of 
oxidative stress and oxidative DNA damage. Thus, there is concern that the 
inhalative exposure to novel, synthetically produced nanomaterials may lead to 
carcinogenesis, mainly via increased generation of reactive oxygen species by the 
nanomaterials. 
The objective of this work was hence to evaluate the genotoxic potential of 
synthetically produced nanomaterials in a human epithelial lung cell line (A549) as a 
model of exposure via inhalation. A set of vanadium oxide compounds of different 
chemical compositions (V2O3 and V2O5) and of different sizes (bulk and nanosized) 
was used to be able to compare the effects of closely related substances. After 
characterization of the materials, biological testing revealed solubility-dependent 
cellular uptake, cytotoxicity and stimulation of proliferation. Moreover, the generation 
of reactive oxygen species was found for all soluble vanadium oxides. A genotoxic 
potential including the oxidation of DNA bases (8-oxo-guanine), DNA strand breaks 
(comet assay) and G2/M cell cycle arrest was found for two substances of 
intermediate solubility, nano V2O3 and bulk V2O5, and to a lesser extent, for soluble 
vanadate ions. No induction of micronuclei was observed in the micronucleus test, 
but a possible disturbance of mitosis and an alteration of nuclear morphology by 
soluble vanadium oxides. Genotoxicity is apparently not directly correlated to 
solubility but caused by other mechanisms that still have to be unraveled. 
The genotoxicity testing of several nanomaterials produced at large-scale (TiO2, ZnO, 
carbon black) showed no genotoxic potential for TiO2 and ZnO in the comet assay 
and the micronucleus test. Carbon black was weakly genotoxic, inducing micronuclei 
at high concentrations, but no DNA strand breaks in the comet assay. 
The main conclusions were that 1. The biological effects of bulk and nanomaterial are 
clearly different. Due to higher solubility, the vanadium oxide nanomaterials caused 
higher cytotoxicity than the corresponding bulk materials. This underlines the 
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importance of a thorough characterization including the analysis of solubility. This 
may help to estimate the toxicological behavior of novel nanomaterials and to derive 
correlations which enable the prediction of the toxicity of materials with similar 
physico-chemical characteristics. 2. Some of the nanomaterials tested in this work 
were genotoxic (nano V2O3, carbon black) but no parameter correlated to 
genotoxicity could be found. Thus, genotoxicity testing for novel nanomaterials, using 
preferentially standardized conditions, is still required to assess the genotoxic 




Es sind immer mehr Produkte erhältlich, die Bestandteile in Nanogröße enthalten. 
Die Exposition gegenüber Nanomaterialien wächst jedoch schneller als das Wissen 
über mögliche negative Auswirkungen auf die Gesundheit. Studien mit Feinstaub 
zeigten, dass die Inhalation von Nanopartikeln Entzündungsreaktionen in der Lunge 
auslöste, die stärker waren als bei der Inhalation von Partikeln in Mikrometergröße. 
Außerdem erhöhte sich die Häufigkeit von Krebs nach der Inhalation von ultrafeinen 
Partikeln auf Grund von oxidativem Stress und oxidativen DNA Schäden. Es besteht 
also die Sorge, dass die inhalative Exposition gegenüber neuartigen, synthetischen 
Nanomaterialien zur Krebsentstehung führen könnte; vor allem durch die erhöhte 
Produktion von reaktiven Sauerstoffspezies durch Nanomaterialien. 
Das Ziel dieser Arbeit war folglich, das genotoxische Potential synthetisch 
produzierter Nanomaterialien in einer humanen Lungenepithelzelllinie (A549), als 
Model für die Exposition durch Inhalation, zu analysieren. Verschiedene 
Vanadiumoxide unterschiedlicher chemischer Zusammensetzung (V2O3 and V2O5) 
und Größe (“bulk” und “nano”) wurden verwendet, um die Effekte ähnlicher 
Substanzen vergleichen zu können. Nach der Charakterisierung der Materialien 
wurden in biologischen Experimenten eine Löslichkeits-abhängige Aufnahme in die 
Zellen, Zytotoxizität und Stimulation der Proliferation festgestellt. Weiterhin wurde für 
alle löslichen Vanadiumoxide die Produktion von reaktiven Sauerstoffspezies 
gefunden. Ein genotoxisches Potential, das die Oxidation von DNA-Basen (8-oxo-
Guanin), DNA-Strangbrüche (Comet Assay) und einen Zellzyklusarrest in der G2/M-
Phase umfasste, zeigten zwei Substanzen von mittlerer Löslichkeit, nano V2O3 und 
bulk V2O5, und in einem geringeren Ausmaß, Vanadationen. Im Mikrokerntest wurde 
keine Induktion von Mikrokernen beobachtet, jedoch eine mögliche Beeinträchtigung 
der Mitose und eine Veränderung der Kernmorphologie durch lösliche 
Vanadiumoxide. Die Genotoxizität ist offenbar nicht direkt mit der Löslichkeit 
korreliert, sondern durch andere Mechanismen verursacht, die noch erforscht werden 
müssen. 
Genotoxizitäts-Tests einiger Nanomaterialien, die in großem Maßstab produziert 
werden (TiO2, ZnO, Carbon Black, d.h. Industrieruß), zeigten im Comet Assay und im 
Mikrokerntest kein genotoxisches Potential für TiO2 und ZnO. Carbon black war 
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schwach genotoxisch durch die Induktion von Mikrokernen in hohen 
Konzentrationen, verursachte aber keine DNA-Strangbrüche im Comet Assay. 
Die wichtigsten Schlussfolgerungen waren: 1. Die biologischen Effekte von Bulk- und 
Nanomaterialien unterscheiden sich deutlich. Auf Grund einer höheren Löslichkeit 
war die Zytotoxizität von Vanadiumoxid-Nanomaterialien höher als die der 
entsprechenden Bulkmaterialien. Dies unterstreicht die Wichtigkeit einer gründlichen 
Charakterisierung einschließlich der Untersuchung der Löslichkeit. Das kann helfen, 
das toxikologische Verhalten neuartiger Nanomaterialien abzuschätzen und 
Korrelationen zu finden, die die Vorhersage der Toxizität von Materialien mit 
ähnlichen physiko-chemischen Eigenschaften ermöglichen. 2. Einige der getesteten 
Nanomaterialien waren genotoxisch (nano V2O3, Carbon Black), es konnte aber kein 
Parameter gefunden werden, der mit der Genotoxizität korreliert. Aus diesem Grund 
ist die Untersuchung der Genotoxizität neuartiger Nanomaterialen, vorzugsweise 
unter standardisierten Bedingungen, weiterhin erforderlich, um das genotoxische 
Potential von Nanomaterialien zu beurteilen und negative Auswirkungen auf die 
Gesundheit zu verhindern. 
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BrdU 5-bromo-2'-deoxy-uridine 
BSA Bovine serum albumin 
bV2O3 Bulk vanadium trioxide 
bV2O5 Bulk vanadium pentoxide 
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MAPK Mitogen-activated protein kinase 
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Nanotechnology has entered our every-day life. More and more products are 
launched and sold that contain nanosized components. These nanostructures display 
numerous novel features, as reduction to the nanometer level brings about important 
changes in the physico-chemical behavior of a substance. Quantum effects and the 
fact that the ratio of surface atoms to atoms on the inside is much higher for nano 
than for bulk structures are responsible for the particular characteristics of nanosized 
materials. Electrical conductivity, mechanical strength, surface reactivity and optical 
properties of nanomaterials are often altered significantly compared to bulk material 
(Nel et al. 2006). 
Examples for the use of nanomaterials range from antimicrobial agents, bioimaging, 
catalysis, cosmetics, drug delivery, diagnostic purposes, production of 
semiconductors and nanowires, surface coatings, composite materials 
(“nanoceramics”), functional fibers for clothing and sports equipment to novel 
approaches in cancer therapy (Borm et al. 2004; Chen et al. 2004; Hunt 2004; 
Oberdorster 2004; Oberdorster et al. 2005; Hardman 2006; Horton et al. 2006; 
Jordan et al. 2006; Chen et al. 2007; Reddy et al. 2007). 
Materials that are able to accomplish such diverse tasks are certainly very different 
one from another. Nevertheless, nanomaterials that share certain features can be put 
into groups such as fibrous nanomaterials (e.g. carbon nanotubes), metal oxide 
nanoparticles (e.g. silica, titaniumdioxide) or quantum dots (fluorescent particles 
consisting of a metalloid crystalline core and a shell). Anyway, the common feature of 
all nanomaterials is, by definition, their size. To be classified as “nano”, a material 
has to measure below 100 nm in at least one dimension (Kurath et al. 2006). 
“Nano” is greek and means “dwarf”. As we know from fairy tales, there are different 
kinds of dwarfs: friendly, useful dwarfs (as the “Heinzelmännchen”, who do the work 
for you at night), dwarfs who can perform real miracles, but lateron become awkward 
(Rumpelstiltskin, spinning straw to gold but demanding the child of the queen) and 
the ugly, mean dwarfs (as in Snow White and Rose Red; a dwarf turning a prince into 
a bear). This trias of good, good under certain conditions and bad is most likely the 
same for nanomaterials. 
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1.2 Inhalation toxicology and nanotoxicology 
Nanosized structures have been around during almost the entire life of our planet: 
Volcanic eruptions and combustion processes such as forest fires have been 
producing nanoparticles long before mankind acquired the ability to generate 
nanoparticles. But since then, the number of nanoparticles that we are exposed to is 
continuously growing. On the one hand, nanoparticles occur incidentally: Traffic leads 
to abrasion of tires and emission of diesel soot; combustion processes, heating, 
cooking and smoking increase the particle load in the air. On the other hand, the 
growing industrial production of nanoparticles for various applications increases the 
possibility to come into contact with nanosized structures both for humans and the 
environment. 
Nowadays, the average concentration of particulate matter ranges between 20 to 
50 µg/m3 in cities of industrialized countries (Kreyling et al. 2006). Even though only 
10% of the mass of the particulate matter are ultra-fine particles, their number 
concentration comprises more than 90% of the particles (Wichmann et al. 2000). 
Once inhaled, the fate of the particles depends largely on their size. Very large 
(micronsized) and very small particles (1 nm) are deposited preferentially in the 
nasopharyngeal compartment (90%). Particles of a size of 5 nm are distributed quite 
equally to the nose, the tracheobronchial and the alveolar region (each ~30%). 
Deposition in the alveolar region is predominant for 20-nm particles (~50%) 
(Oberdorster et al. 2005). Therefore, most nanomaterials will be able to penetrate 
deep into the lung and reach the sensitive area of gas exchange. 
Upon deposition on the lung epithelium, the particles may be phagocytosed by 
alveolar macrophages and thus cleared from the lung. This is also a size-dependent 
process which works best for particles >100 nm. For smaller sizes, a clearance of 
only 20% has been observed (Oberdorster et al. 2005). Particles that escape 
clearance can be taken up by epithelial cells and have been found intracellularly in 
different cellular compartments, but mostly outside the nucleus (Savic et al. 2003; 
Limbach et al. 2005; Chithrani et al. 2007; Gojova et al. 2007; Limbach et al. 2007; 
Suzuki et al. 2007; Barnes et al. 2008). Another possibility for particles is to 
translocate into the interstitium and consequently gain access to all body 
compartments via lymph or blood vessels. An important secondary target organ 
where nanoparticles have been retrieved, is the liver (Takenaka et al. 2001; Nemmar 
Introduction 
3 
et al. 2002; Oberdorster et al. 2002; Borm et al. 2004). To summarize, inhalation of 
nanoparticles has to be taken into consideration as an important route of exposure. 
To assess the consequences of an exposure to nanosized structures, the field of 
nanotoxicology evolved. Its objectives are, according to Oberdörster, the “safety 
evaluation of engineered nanostructures and nanodevices” (Oberdorster et al. 2005). 
Nanotoxicology can make use of the previous studies that have examined the health 
effects of airborne ultrafine particulate matter. Besides carbon, particulate matter 
contains also numerous metals (including Fe, Ni, Ti, S, Cd, Pb, V, Zn) and metal 
oxides (Knaapen et al. 2002; Fritsch et al. 2006) which are nowadays frequently the 
constituents of intentionally produced synthetic nanosized metal oxide particles. For 
particulate matter, it has been shown that the exposure to elevated levels can be 
responsible for respiratory and cardio-vascular diseases (Peters et al. 1997a; Peters 
et al. 1997b; Ghio et al. 2000; Gold et al. 2000; Peters et al. 2000; Prescott et al. 
2000; Donaldson et al. 2001; Ghio et al. 2001; Peters et al. 2001a; Peters et al. 
2001b; Borm et al. 2004; Duggen 2004). 
On the cellular level, various nanomaterials (Ag, carbon black, single-walled carbon 
nano tubes, SiO2, TiO2, ZnO, CdSe quantum dots) lead to a decrease in cell viability 
in different cell types (alveolar macrophages, primary mouse fibroblasts, primary 
hepatocytes, human lymphoblastoid cells) (Derfus et al. 2004; Kisin et al. 2007; 
Wang et al. 2007a; Wang et al. 2007b; Ahamed et al. 2008; Yang et al. 2009). 
Moreover, a release of inflammatory mediators (IL-6, IL-8, TNFα, arachidonic acid) 
has been observed after exposure to nanosized material (Hashimoto et al. 2000; 
Diabate et al. 2002; Schaumann et al. 2004; Wottrich et al. 2004; Monteiller et al. 
2007). The generation of reactive oxygen species (ROS) and oxidative stress was 
observed after exposure of cells to metal oxide nanomaterials (Limbach et al. 2007; 
Karlsson et al. 2008; Yang et al. 2009). Furthermore, for some types of particles (Ag, 
Al2O3, cobalt, TiO2, carbon black, carbon nanotubes, CuO, ZnO), DNA damage was 
found after exposure (Kisin et al. 2007; Mroz et al. 2007; Papageorgiou et al. 2007; 
Wang et al. 2007a; Ahamed et al. 2008; Colognato et al. 2008; Karlsson et al. 2008; 
Mroz et al. 2008; Balasubramanyam et al. 2009; Yang et al. 2009). 
Thus, there is concern that nanomaterials may have negative consequences for 
human health. However, for many of the novel, synthetically produced nanomaterials, 
the biological effects and the underlying mechanisms are largely unknown. For this 
reason, I examined the cellular effects of synthetic metal oxide nanomaterials. In 
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particular, I was focusing on their influence on genomic DNA, i.e. their genotoxic 
potential, for which oxidative stress is supposed to be an important mechanism. 
 
1.3 Reactive oxygen / nitrogen species and oxidative stress 
1.3.1 Reactive oxygen species and reactive nitrogen species 
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are one of the 
major threats to cellular integrity. The term ROS/RNS includes e.g. superoxide 
anions (·O2
-), hydroxyl radicals (·OH), and nitrogen monoxide (·NO). These 
molecules contain unpaired electrons (i.e. they are radicals) and consequently exhibit 
a high reactivity. ROS also designates non-radicals like hydrogen peroxide (H2O2) or 
hypochloric acid (HOCl), which also possess a high reactivity. 
 
 
Fig. 1 Generation and conversion of reactive oxygen/nitrogen species. 
Superoxide anion (·O2
-) can either react with NO· to form peroxynitrite (ONOO-) or is converted by the 
enzyme superoxide dismutase to hydrogen peroxide (H2O2). H2O2 either generates hypochloric acid 
(HOCl) or is converted to hydroxyl radical (·OH) in the presence of electrons derived from transition 
metals (M) (Fenton reaction). Modified after Valko, 2006. 
ROS are generated endogenously by the cellular metabolism itself. For example, 
during electron transport in the mitochondrial electron transport chain, electron 
“leakage” can occur (Genova et al. 2004) leading to the generation of superoxide 























cells (macrophages, neutrophils, eosinophils) during inflammation as a defense 
against microorganisms (“oxidative burst”) (Valko et al. 2006).  
Furthermore, numerous toxic substances (e.g. metal ions) or irradiation lead to the 
exogenous generation of ROS (Lloyd et al. 1997; Klotz et al. 2001; Riemschneider et 
al. 2002; Barthel et al. 2007). As Fig. 1 shows, ROS can be converted into other 
forms of ROS, yielding species with lower (H2O2) or higher reactivity (·OH) (Sies 
1993). 
 
Because of their high reactivity, ROS oxidize components of the cell, e.g. membrane 
lipids, proteins or the DNA. The stability of different ROS varies significantly. The 
highly reactive hydroxyl radical with a half-life of 10-9 s will most likely react at or very 
close to the place of its generation, whereas the much more “stable” hydrogen 
peroxide is able to translocate to other cellular compartments before performing 
oxidation (Shacter et al. 1988; Sies 1993). 
 
Cells acquired diverse mechanisms to eliminate ROS, e.g. anti-oxidative substances 
like glutathione, carotenes (Valko et al. 2004), vitamin C (Wayner et al. 1986) or E 
(Dean et al. 1987), or enzymes that convert highly reactive ROS into less reactive 
products. For example, superoxide dismutase catalyzes the conversion of superoxide 
anion to hydrogen peroxide, which in turn can be converted to water by the enzyme 
catalase (Gruber et al. 1990; Sies 1993; Michiels et al. 1994). 
1.3.2 Oxidative stress 
If the cellular anti-oxidative defense is no longer able to cope with ROS, “oxidative 
stress” occurs (Sies 1991). Excessive ROS generation can be the result of additional 
production of oxygen radicals by toxic substances or irradiation, or a decreased 
amount of antioxidants or impaired anti-oxidative enzymes (Sies 1993). 
 
The consequences of the oxidation of cellular structures and molecules can be fatal: 
Protein oxidation may result in inhibition of enzymes. Major targets are for example 
phosphatases, where an oxidation of the sulphydryl residues of cysteins results in the 
formation of disulfide bonds and subsequently in changes of the protein conformation 
(Valko et al. 2006). Oxidative modification of DNA bases can lead to mutations and 
strand breaks; e.g. oxidation of guanine may induce G:C to A:T transversions or 
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strand breaks if the oxidized base is excised. Peroxidation of phospholipids that 
constitute membrane bilayers results in membrane damage. Degradation of the 
oxidatively damaged structures and cellular malfunction are possible consequences. 
Finally, the induction of apoptosis or necrosis may lead to cell death. 
1.3.3 Oxidative stress in carcinogenesis 
Numerous studies confirm the importance of oxidative stress as a mechanism of 
genotoxicity and in the pathogenesis of several diseases, for example in 
carcinogenesis (reviewed in Mates et al. 2008; Toyokuni 2008; Valko et al. 2006). 
Tumor formation occurs mainly by two mechanisms: Firstly, the direct interaction of 
ROS with DNA leads to mutations and DNA damage (e.g. strand breaks). In many 
cancers, an elevated level of 8-oxo-guanine (8-oxo-G), a major product of DNA 
oxidation, has been observed (Mates et al. 2008). Moreover, the products of the 
oxidation of cellular molecules can also damage the DNA. For example, lipid 
peroxidation generates malondialdehyde and 4-hydroxy-2-nonenal. Both are potent 
mutagens (Marquez et al. 2007). Secondly, ROS have been found to interfere with 
intracellular signalling pathways regulating cell proliferation. These include signal 
transduction pathways using the transcription factors activating protein-1 (AP-1) and 
nuclear factor kappa B (NFκB), p53, HIF-1 and nuclear factor of activated T-cells 
(NFAT) (Valko et al. 2006), as well as Ras-coupled mitogen-activated protein kinase 
(MAPK) cascades (Sugden et al. 2006). The activation of these signalling pathways 
finally leads to the transcription of genes involved in cell growth regulation resulting in 
elevated cell proliferation. 
Nevertheless, high levels of ROS can also exert the opposite effect, namely the 
induction of apoptosis (Valko et al. 2006; Mates et al. 2008). 
 
1.4 Genotoxicity 
The term “genotoxic” has been used for the first time in 1973 by Hermann Druckrey 
during a conference on “Evaluation of genetic risks of environmental chemicals” in 
Sweden. He stated: “In order to describe the components of chemical interaction with 
genetic material, the term genotoxic is proposed as a general expression to cover 
toxic, lethal and heritable effects to karyotic and extrakaryotic genetic material in 
germinal and somatic cells.” (Weisburger et al. 2000). 
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Since then, genotoxicity has become an important field of toxicological research, and 
genotoxicity testing is nowadays an integral part of the toxicity assessment of 
chemical substances, as the integrity of the DNA is essential for cells, whole 
organisms and their offspring. 
A genotoxic action can be due to a number of different mechanisms, which I will 
describe in the following chapter. In general, there are two ways for substances to 
affect the DNA: either via direct interaction and alteration of the DNA or indirect 
mechanisms which cause DNA damage or genome alterations via intermediate steps 
or compounds. 
1.4.1 Direct genotoxicity 
Direct genotoxicity includes the formation of DNA-adducts and the modification of 
DNA components such as DNA bases and the phospho-deoxyribose-backbone. 
1.4.1.1 DNA adducts 
In case a substance gets into direct contact with the DNA (either it enters the nucleus 
or attacks the DNA during mitosis), DNA adducts can be formed. This has been 
extensively studied for polycyclic aromatic hydrocarbons (PAH), such as 
benzo[a]pyrene. The addition of such bulky molecules to the DNA bases leads to 
increased lability of the glycosidic bond and consequently a higher rate of 
depurination and the occurrence of abasic sites. Moreover, bulky modifications hinder 
DNA replication (Baird et al. 2005). 
Recently, the possibility of DNA adduct formation has been suggested for fullerenes 
(Balbus et al. 2007). Furthermore, adduct formation may also be of some relevance 
in particle genotoxicity as airborne particles often contain PAH (Li et al. 2003). 
1.4.1.2 Chemical modification of DNA 
The most important chemical modifications of the DNA are alkylation and oxidation. 
 
Alkylating substances transfer methyl- or ethyl-groups to nucleotides, yielding mainly 
7-alkylguanine and 3-alkyladenine. Alkylation products are either often directly 
mutagenic (e.g. O6-methylguanine pairs with thymine instead of cytosine) or cause 
DNA strand breaks during the repair of alkylation damage (Sedgwick 2004; Wyatt et 
al. 2006). Examples for alkylating chemicals are methyl-methane sulfonate (MMS) or 
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N-methyl-N’-nitro-N-nitroso-guanidin (MNNG). In this work, MMS was used as a 
positive control for DNA damage and DNA strand breaks. 
 
Of great importance for this study is the oxidative modification of DNA bases, as cells 
are likely exposed to oxidative stress after treatment with nanomaterials. Specific 
DNA modifications have been described for different ROS, e.g the deamination or 
nitration of bases for peroxynitrite or the formation of 5-chlorouracil for HOCl 
(Whiteman et al. 1997; Burney et al. 1999; Whiteman et al. 1999; Tuo et al. 2000). 
However, the hydroxyl radical is supposed to be the most relevant ROS in the 
oxidation of the DNA (Pryor 1988). Due to their short half-life, hydroxyl radicals 
affecting the DNA are mostly produced from the more stable H2O2 via Fenton 
reactions in proximity of the DNA. Hundreds of different kinds of oxidized bases have 
been identified, e.g. 8-oxo-7,8-dihydroguanine, 5-hydroxymethyluracil, 5-
hydroxyuracil, 5-hydroxyadenine, 8-hydroxyadenine and 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (Wiseman et al. 1996) of which 8-oxo-7,8-dihydroguanine (8-
oxo-G, see Fig. 2) is by far the most important and the best studied oxidation product. 
Guanine is oxidized preferentially due to its low oxidation potential (Neeley et al. 
2006). 
 
Fig. 2 Oxidation of guanine to 8-oxo-7,8-dihydroguanine. 
In the presence of ROS, guanine becomes oxidized at the C8-position (red circle) to yield 8-oxo-7,8-
dihydroguanine. 
8-oxo-G can end up in the DNA by two ways: Either guanine in the DNA is directly 
oxidized, or guanine contained in the guanosine triphosphate (GTP) pool of the cell is 
oxidized and subsequently inserted into the DNA during DNA synthesis. In the first 
case, 8-oxo-G can, in addition to the usual pairing with cytosine, combine with 





will be inserted opposite to the “wrong” adenine, hence, a G:C to T:A transversion 
results (Akasaka et al. 1994). In the second case, the 8-oxo-GTP-nucleotid is 
preferentially inserted opposite to an adenine, leading to an A:T to C:G transversion 
(Grollman et al. 1993; Demple et al. 1994). In any case, these are mutagenic lesions, 
which, if they affect important genes (e.g. tumor-suppressor genes, oncogenes) can 
have fatal consequences for the cell. 
 
 
Fig. 3 Base pairing of guanine and 8-oxo-guanine in the DNA. 
Left: Guanine (G) usually pairs via three hydrogen bonds (dashed lines) with cytosine (C). Right: In 
addition to pairing with cytosine, 8-oxo-guanine (8-oxo-G) is able to pair with adenine (A) via two 
hydrogen bonds. 
Besides oxidation of DNA bases, the sugar-phosphate-backbone of the DNA can as 
well be a target of ROS. Abstraction of hydrogen atoms generates sugar radicals 
which result in DNA strand breaks, base free sites or intramolecular cyclization 
(Eastman et al. 1992; Dizdaroglu et al. 2002). 
1.4.2 Indirect genotoxicity 
Indirect genotoxicity means that the DNA is not affected directly by a chemical 
substance, but indirectly via inhibition or disturbance of enzymes (e.g. replicative or 
repair enzymes) or processes (mitosis) that are important for the integrity and the 
maintenance of the DNA. 
1.4.2.1 Enzyme inhibition 
One major way to indirect genotoxicity is the inhibition of enzymes involved in DNA 







a chemical substance (leading to competitive or non-competitive inhibition, 
depending on the nature of the binding) or by oxidation. Oxidation of catalytically 
important amino acid residues (the SH-group of cystein or the OH-groups of serine, 
tyrosine or threonine) in the catalytic centre of the enzyme can lead to catalytical 
disfunction of the enzyme whereas modification of residues outside of the catalytical 
centre may induce conformational changes which hinder substrate binding. 
Enzymes that have been described to be involved in indirect genotoxicity include 
DNA repair proteins (e.g. MLH2, MSH, OGG1, XPD, PARP) (Kirsch-Volders et al. 
2003; Mateuca et al. 2006), topoisomerases (TOPO II) (Ferguson et al. 1994), DNA-
methylases (MGMT) (Das et al. 2004), histone deacetylases (Eot-Houllier et al. 2009) 
and many others. 
1.4.2.2 Interference with cell division 
Cell division is a cellular process which is especially vulnerable towards genotoxins. 
The replication of the DNA has to be accomplished successfully and without errors. 
Moreover, the spindle apparatus has to be set up correctly, and the right number of 
chromosomes has to be drawn towards the poles. Disturbance of the mitotic spindle 
and chromosome segregation therefore represents another mechanism of indirect 
genotoxicity. 
Mitosis involves a plethora of proteins and structures, but I will present only a few 
examples which are relevant to the experiments presented in this work. 
Essential mitotic processes which, if impaired, lead to genotoxicity, include the 
assembly of the mitotic spindle, the attachment of the spindle fibers to the 
chromosomes and the separation of the chromosomes during anaphase. 
The mitotic spindle consists of microtubules (MT). The attachment of the 
microtubules to the chromosomes is dependent on proper kinetochore structure and 
function and several proteins that correct misattachments, e.g. the microtubule 
depolymerase MCAK and the protein kinase Aurora B (Lan et al. 2004; Ohi et al. 
2004; Cimini et al. 2005). If chromosomes are not attached to MTs, lagging 
chromosomes result that will not be drawn to the poles. If wrong attachment occurs, 
e.g. syntelic attachment (both chromatids are connected to MTs from only one pole), 
daughter cells result of which one disposes of one excess chromosome, and one 
which lacks a chromosome. 
Polymerization and depolymerization of microtubules, which is essential for spindle 
formation and chromosome segregation, are regulated by numerous factors, e.g. 
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protein phosphatases (protein phosphatase 1, PP1, and protein phosphatase 2A, 
PP2A, Cdc25 and Cdc14), and the phosphoprotein stathmin. Phosphorylation of 
stathmin induces tubulin polymerization and hence the formation of the mitotic 
spindle; dephosphorylation of stathmin leads to depolymerization and is thus 
important for chromosome separation (Le Hegarat et al. 2003). 
Cdc25 phosphatases control the activity of cyclin-dependent kinase 1 (CDK1) which 
is responsible for mitotic entry. CDK1 phosphorylates tubulin, which leads to MT 
polymerization. Inhibition of Cdc25 induces delayed mitotic spindle assembly, 
chromosome capture and metaphase plate formation (Cazales et al. 2007). 
Cdc14 phosphatases are key regulators of mitotic exit by deactiving CDKs. They 
coordinate chromosome segregation with mitotic spindle disassembly and 
cytokinesis. Furthermore, the human Cdc14B is responsible for microtubule bundling 
and stabilization (Cho et al. 2005; Trinkle-Mulcahy et al. 2006). If Cdc14 
phosphatases are impaired, the consequences include defects in mitotic progression, 
multipolar spindles, inhibition of cytokinesis and incomplete chromosome segregation 
(Nalepa et al. 2004). 
1.4.3 Consequences of genotoxicity and cellular responses 
Various phenomena can be observed in cells exposed to genotoxic agents. Among 
them are mutations, DNA strand breaks and micronuclei. Cells can respond to DNA 
damage by DNA repair, cell cycle arrest or apoptosis. 
1.4.3.1 Base modifications 
The mutagenic potential of DNA alkylation and oxidation was described in chapter 
1.4.1.2. The modification of bases entails the possibility of mispairing and hence base 
transversions or transitions. This kind of DNA damage is corrected by the base-
excision repair (Abalea et al. 1998). A glycolase enzyme (e.g. hMYH or the 
oxoguanine glycosylase OGG1 in humans) excises the modified base by breaking 
the N-glycosidic bond. An abasic site occurs that is recognized by an AP 
endonuclease (which can also be an integral part of bifunctional glycosylases as 
OGG1). This enzyme nicks the DNA at the 5’-end and creates a free 3’-OH group. 
DNA polymerase beta replaces the abasic nucleotide using its exonuclease activity. 
The repaired DNA is finally ligated by a DNA ligase (LigIII)/XRCC1 (Ide et al. 2004; 
Fortini et al. 2007). 
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1.4.3.2 DNA strand breaks 
DNA breakage can result from a direct attack on the DNA molecule, e.g. by hydroxyl 
radicals which substract hydrogen atoms from the phosphate-sugar backbone. The 
consequences are single- and double strand breaks. Moreover, DNA strand breaks 
occur also during repair of oxidation or alkylation damage. 
The measurement of DNA strand breaks has become an important feature of 
genotoxicity testing and is mostly done by the comet assay. The neutral comet assay 
detects only double strand breaks, whereas the more widely used alkaline comet 
assay detects both single and double strand breaks as well as abasic sites. 
DNA single strand breaks can be repaired using the complementary strand. Double 
strand breaks are repaired either via homologous recombination or via non-
homologous end-joining. Homologous recombination requires at first the resection of 
the 5’ end of the damaged chromosome. In the following strand invasion an 
overhanging 3’ end of the damaged chromosome "invades" the undamaged 
homologous chromosome leading to formation of a Holliday junction. DNA strands 
are then completed and resolved to end up with the repaired DNA (Sung et al. 2006). 
Non-homologous end-joining requires recognition of the break by the Ku heterodimer 
(Ku70 and Ku80) and the kinase DNA-PKcs (DNA dependent protein kinase catalytic 
subunit). XRCC4 and ligase IV then perform ligation and DNA polymerases finally 
close the gaps (Pastwa et al. 2003). 
1.4.3.3 Micronuclei 
Micronuclei are small cellular structures that resemble the main nucleus, but with only 
1/16 to 1/3 of the diameter of the main nucleus. Micronuclei result either from whole 
chromosomes or chromosome fragments that were not distributed properly during 
mitosis and are consequently surrounded by their own nuclear membrane (Fig. 4).  
Substances which induce micronuclei that contain a whole chromosome are called 
“aneugens”. The underlying mechanisms which cause lagging chromosomes are for 
example defects in the chromosome segregation machinery, deficiencies in the cell 
cycle controlling genes, failure of the mitotic spindle, misattachment of tubulin fibers 
at the kinetochore, premature tubulin depolymerization, defects in centromeric DNA 






Fig. 4 Formation of micronuclei. 
Micronuclei arise either from whole chromosomes (upper panel, aneugen) or from chromosome 
fragments (lower panel, clastogen) that cannot be distributed properly during mitosis. Modified after 
Bonassi et al. 2007. 
Substances which are responsible for micronuclei containing only chromosome 
fragments are called “clastogens” Such micronuclei can result from DNA double-
strand breaks, conversion of single strand breaks into double strand breaks after cell 
replication, or an inhibition of DNA synthesis. Moreover, defective repair of 
chromosome breaks may result in an asymmetrical chromosome rearrangement 
producing a dicentric chromosome (containing two centromeres) and an acentric 
fragment (without centromere). The acentric fragment cannot be attached to the 
mitotic spindle and hence lags behind to form a micronucleus. (The dicentric 
chromosome may give rise to a nucleoplasmatic bridge: MTs from both poles may be 
attached at the two centromeres. The chromosome is thus drawn to opposite poles of 
the cells resulting in the formation of a nucleoplasmatic bridge between the two 
daughter nuclei). Another mechanism of micronuclei formation is gene amplification. 
Amplified DNA is localized to specific sites at the periphery of the nucleus. Nuclear 
buds are formed to eliminate the amplified DNA. Consequently, breakage-fusion-
bridge cycles of the nuclear buds lead to the formation of micronuclei (Cimini et al. 
2005; Mateuca et al. 2006; Fenech 2007). 
Bonassi et al. showed that an increase in the number of micronuclei is correlated with 
an increased cancer incidence (Bonassi et al. 2007). Thus, the micronucleus assay is 
an important test to evaluate the genotoxicity of chemical compounds. Besides the 
genotoxic potential, numerous other parameters can be scored in this assay in 





The micronucleus test is therefore often called “cytome assay”. Examples for 
additional parameters are the nuclear division index (NDI, indicative for cytostatic 
properties), the number of apoptotic cells, the number of mitotic cells, the number of 
nucleoplasmatic brigdes (indicative for chromosome rearrangements) and the 
number of nuclear buds (indicative for gene amplification) (Fenech 2007). 
Micronuclei are rarely remediated, e.g. by reincorporation of whole chromosomes into 
the nucleus (Mateuca et al. 2006). However, the elimination of micronucleated cells 
by induction of apoptosis may occur (Decordier et al. 2002). 
 
1.4.3.4 Fate of cells with persisting DNA damage 
As described above, a cell has various possibilities to repair DNA damage. However, 
if the DNA damage is irremediable, other mechanisms protect the organism against 
the threat a cell with defective DNA constitutes, namely cell cycle arrest and 
apoptosis. 
Fig. 5 shows a simplified overview of the pathways which lead to cell cycle arrest or 
apoptosis after DNA damage. The recognition of DNA damage leads to an activation 
of kinases (ATM, DNA-PK) which cause an accumulation of p53, either directly or via 
checkpoint kinases (Chk1/2). p53 can then induce cell cycle arrest through activation 
of p21Cip1 and the subsequent inhibition of cyclin-dependent kinases (CDKs). Cell 
cycle arrest can also be mediated via inhibition of Cdc25 phosphatase by Chk1/2, 
which results in inactivation of CDKs. Cell cycle arrest provides the cell with time to 
accomplish successful DNA repair. If the DNA damage is irreparable, apoptosis can 
be triggered by p53 via Bax (Zhou et al. 2000). 
If these mechanisms fail, e.g. because one of the components is dysfunctional due to 
a mutation or inhibited as a consequence of protein oxidation, cells might accumulate 



























Fig. 5 Cellular responses to DNA damage. 
Cells unable to repair DNA damage undergo cell cycle arrest or apoptosis. A schematic, simplified 
pathway of the induction of both events is shown: DNA damage leads to the activation of ATM kinase 
or DNA-protein kinase (DNA-PK). ATM Kinase activates checkpoint kinases (Chk1/2) which either 
negatively regulate Cdc25 phosphatase which inhibits cyclin-dependent kinases (CDKs) and induces 
cell cycle arrest or positively regulate p53. p53 can also be activated by DNA-PK directly. 
Accumulation of p53 then leads on the one hand to activation of p21Cip1 which inhibits cyclin-
dependent kinases (CDKs). This results in cell cycle arrest. On the other hand, p53 can also induce 
apoptosis via the pro-apoptotic Bax protein. (+) activation; (-) inactivation. Modified after Zhou, 2000. 
 
Fig. 6 summarizes possible mechanisms exerted by a genotoxic substance including 
primary and secondary genotoxicity, the direct or indirect affection of the DNA, the 
possible lesions and consequences and the progress to carcinogenesis via an 
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Fig. 6 Overview over mechanisms of genotoxicity elicited by a genotoxic substance/particle. 
A genotoxic substance can either directly induce genotoxic actions (primary genotoxicity) or induce 
inflammation which results in oxidative stress leading to DNA damage (secondary genotoxicity). The 
target can either be the DNA itself (direct genotoxicity) or processes involved in the maintenance and 
the integrity of the DNA (indirect genotoxicity). The consequences for both ways are mutations and 








1.4.4 Increased genotoxicity for nanoparticles? 
Most of the nanoparticles that are produced to date are composed of chemical 
substances that have been used for several decades as bulk substances (e.g. TiO2 
or SiO2). The toxicity of these bulk materials has consequently been tested and 
evaluated extensively. Why is there concern that nanomaterials are more harmful to 
cells and the DNA than the corresponding bulk material? 
As mentioned above, reduction to the nanometer scale brings about novel 
characteristics. Thus, nanomaterials display other properties than their corresponding 
bulk substances. One of the most important advantages of nanomaterials is their high 
specific surface, which is moreover much more reactive than the surface of bulk 
materials. This is due to the fact that nanoobjects frequently have structural defects in 
crystal planes which disrupt the well-structured electronic configuration of the 
material. The consequences are reactive sites that allow the transfer of electrons to 
e.g. molecular oxygen which generates superoxide anion (Nel et al. 2006). Such 
electron transfer processes lead to elevated levels of ROS and subsequently to 
oxidative stress which in turn induces oxidative DNA damage. 
Moreover, there is no need for direct ROS generation via the nanomaterial itself to 
induce oxidative DNA damage. Exposure to high concentrations of particles often 
results in inflammatory reactions which are characterized by a release of ROS from 
inflammatory cells (macrophages, neutrophils, eosinophils). This so-called oxidative 
burst is a protective mechanism against invading microorganisms, but these reactive 
oxygen species can as well induce DNA damage. This phenomenon is called 
secondary genotoxicity (Schins 2002). It has been shown that inflammatory reactions 
are more pronounced upon inhalation of nanomaterials than after inhalation of larger 
sized materials (Borm et al. 1996; Monteiller et al. 2007). 
Another possibility of how ROS can induce DNA damage is via the oxidative 
toxification of inhaled substances which are precursors of DNA-damaging 
compounds. For example, the ROS released by neutrophils are able to transform 
aromatic compounds such as benzene into more carcinogenic metabolites (Tuo et al. 
1998). 
Furthermore, there is concern that nanoparticles (e.g. fullerenes (Balbus et al. 2007)), 
could directly bind to the DNA (if they were able to enter the nucleus). This would 
lead to the formation of adducts that hinder DNA replication. Binding of nanoparticles 
to proteins involved in the synthesis, maintenance and DNA repair may be another 
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mechanism leading to DNA damage (Borm et al. 2004; Donaldson et al. 2004; 
Kreyling et al. 2004). 
The high specific surface of nanomaterials also brings about an increased solubility in 
comparison to bulk material (Borm et al. 2006; Pickrell et al. 2006; Franklin et al. 
2007). Leaching of ions, especially of genotoxic metal ions, is hence another 
mechanism which is more relevant for nanomaterials than for bulk material. 
At last, it is also possible that particles act like “Trojan horses”. Airborne particles may 
“collect” volatile chemical substances which otherwise would not have been able to 
enter the alveolar region and to deposit in the lung. Thus, exposure to nanomaterials 
may provide new ways of exposure to environmental and possibly genotoxic 
chemicals (Schins 2002; Balbus et al. 2007). 
To conclude, the genotoxicity of nanomaterials may be increased in comparison to 
their corresponding bulk materials because of 1. The elevated production of ROS 
(both direct and indirect) 2. The binding to DNA and proteins leading to hindrance of 
DNA-related processes 3. The enhanced solubility leading to release of genotoxic 
metal ions and 4. The introduction of toxic chemicals into the lung or the toxification 
of pre-carcinogens. 
Most of these mechanisms are hypothetical and poorly studied. However, knowledge 
about the genotoxic potential of nanomaterials is highly important. Thus, I focused in 
this work on examining the genotoxicity of synthetically produced nanomaterials, in 
particular vanadium oxide nanomaterials. 
 
1.5 Vanadium oxides 
1.5.1 Occurrence and applications 
Vanadium (V) is a transition metal which occurs naturally in the earth crust in various 
chemical compounds. As many transition metals, it exists in various oxidation states. 
The most common are V(III), V(IV) and V(V). Vanadium finds application mainly in 
ferrous alloys increasing the strength of steel used as tools or implants. Moreover, 
vanadium is found in mineral oil and in almost all coals, in concentrations ranging 
from extremely low to 10 g/kg for coal and up to 1.4 g/kg in Venezuelan crude oils. 
Combustion of these sources of energy leads to the release of particulate matter 
containing vanadium oxides (Aragon et al. 2005). 
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In this work, two different vanadium oxides were used: vanadium trioxide (V2O3) and 
vanadium pentoxide (V2O5). Vanadium oxides, in particular vanadium pentoxide 
(V2O5), are important catalysts for the synthesis of e.g. sulphuric acid. Further 
applications include their use as corrosion inhibitor, as coating for welding electrodes, 
as photographic developer, and in colloidal solution for anti-static layers on 
photographic material. Moreover, the colorful vanadium oxides are also used as blue 
and yellow pigments for ceramics and as ultraviolet light (UV) absorbers in glass. The 
total world production of V2O5 in 1996 was 59.500 tons (Ivancsits et al. 2002; IARC 
2006). 
Nanosized vanadium oxides are novel substances which may find application mainly 
as catalysts (Feldmann 2003). TiO2 nanoparticles coated with vanadium pentoxide 
are used industrially to remove nitrous oxide from exhaust gases of combustion 
power plants and in biomaterials to increase the strength of implants (Bhattacharya et 
al. 2008). 
1.5.2 Exposure 
Humans are mainly exposed to vanadium oxides from anthropogenic sources 
(combustion and industrial processes). Approximately 70.000 to 210.000 tonnes per 
year have been emitted into the atmosphere during the 1990s worldwide (Nriagu 
1998). The general population is exposed to concentrations of vanadium oxides of 1 - 
40 ng/m3 in rural air and to 50 - 200 ng/m3 in cities. Blood levels of 0.02 - 0.1 µg/l 
have been reported (WHO Regional Office for Europe Copenhagen 2000; IARC 
2006). 
Occupational exposure is relevant for individuals working with processing and 
refining of vanadium-rich ores and slags, production of vanadium and vanadium-
containing products, cleaning of oil-fuelled boilers and furnaces, or persons who are 
handling catalysts in the chemical industry (IARC 2006). In these settings, vanadium 
oxide concentrations in the air are in the low mg/m3 range, with peak concentrations 
of up to several hundred mg/m3. Biomonitoring of workers exposed to vanadium 
oxides revealed a 7-fold higher vanadium concentration in the blood than for non-
exposed individuals (Ehrlich et al. 2008). 
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1.5.3 Generation of ROS by vanadium oxides 
Most of the effects of vanadium oxides have been attributed to their capacity of 
producing ROS. 
Vanadium compounds entering the cell are usually in the (V)-oxidation state and 
become reduced intracellularly (Hansen et al. 1982; Sabbioni et al. 1993). This 
reduction generates superoxide radical (O2
·-) and hydrogen peroxide (H2O2). Further 
radicals can be produced in Fenton-like reactions catalyzed by vanadium:  
V(IV) + H2O2 -> 
·OH + OH- + V(V) (Zhang et al. 2003). 
As the product is V(V), a new series of reductions and oxidations may start over. This 
redox-cycling results in a high amount of ROS that the cell has to cope with 
(Zychlinski et al. 1991; Leonard et al. 1994; Sit et al. 1996). 
1.5.4 Biological effects and toxicity 
In the aqueous environment inside an organism or a cell, vanadium oxides are 
present usually as vanadate ions, mostly as tetravalent (IV) vanadyl (VO2+) and 
pentavalent (V) vanadate (HVO4
-, VO3
- and / or H2VO4
-) (Evangelou 2002). Various 
biological effects have been described and attributed to these soluble vanadium 
oxides species. The inhibition of the Na+/K+ATPase by vanadate has been 
discovered in 1977 by Cantley et al. (Cantley et al. 1977). Since then, inhibition of 
phosphoenzyme ion-transport ATPases, acid and alkaline phosphatases, 
H+/K+ATPase, phosphotyrosyl protein phosphatase, myosin ATPase, 
phosphofructokinase, adenylate kinase and cholinesterase has been described 
(Nechay et al. 1986). The mechanism of inhibition is based upon the structural 
similarity of the vanadate ion to phosphate (Cantley et al. 1978a; Crans et al. 1995). 
Binding of vanadate in the catalytical centre is supposed to result in the oxidation of 
essential amino acid (e.g. cysteine) residues and the consequent inhibition of the 
enzymatic function (Herrlich et al. 2000). 
 
Phosphatase inhibition is also responsible for another vanadate-mediated effect. If 
phosphatase function lacks, the phosphorylation of the epidermal growth factor 
receptor (EGF-R) and the insulin receptor after ligand-binding persists (Tamura et al. 
1984; Kadota et al. 1987a; Kadota et al. 1987b). This leads to enhanced activity of 
downstream protein kinases and stimulates cell proliferation. Consequently, glucose 
transport activity and glucose metabolism are increased (Becker et al. 1994; 
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Barceloux 1999). This is the so-called “insulin-like effect” of vanadium oxides (Zhao 
et al. 1996; Samet et al. 1998; Wang et al. 2000). 
The insulin-like effect occurs only at low vanadium concentrations. At higher 
concentrations, the pro-proliferative action of vanadate is masked by the cytotoxicity 
of vanadium compounds. The reported threshold concentration lies between 10 – 10 M 
and 0.01 mM (Hanauske et al. 1987; Cortizo et al. 1995; Rehder et al. 2002). Fifty 
percent toxicity and inhibitory concentration (IC50) respectively for vanadate have 
been reported to range between 100 µM (Bracken et al. 1985b) and 1.27 ± 0.28 mM 
(Yang et al. 2004). 
Induction of cell cycle arrest has also been reported after exposure of cells to 
vanadate. It has been shown that vanadate-mediated ROS formation activates ERK 
and p38. Consequently, p21 and Cdc2 are upregulated and Cdc25C is degraded, 
which finally leads to cell cycle arrest at the G2/M phase (Zhang et al. 2003). 
1.5.5 Genotoxicity of vanadium oxides 
Induction of different kinds of DNA damage have been observed after exposure to 
vanadium oxides. Incubation of isolated DNA with V(IV) induced hydroxylation of 
guanine yielding 8-oxo-G and subsequent DNA strand breakage (Shi et al. 1996; 
Lloyd et al. 1998). In different in vitro cell systems, DNA strand breaks, micronuclei, 
sister chromatid exchanges and chromosomal aberrations were found (Owusu-Yaw 
et al. 1990; Migliore et al. 1993; Zhong et al. 1994; Rojas et al. 1996; Ivancsits et al. 
2002). Chromosome aberrations, sister chromatid exchanges and DNA strand breaks 
occurred in human peripheral lymphocytes and leukocytes, i.e. ex vivo (Rodriguez-
Mercado et al. 2003). In vivo exposure of mice to vanadium compounds yielded DNA 
strand breaks and reprotoxic effects (Altamirano-Lozano et al. 1996; Altamirano-
Lozano et al. 1999) Moreover, aneugenic effects due to disturbance of spindle 
formation and chromosome segregation have been described for vanadium 
compounds in lysed mitotic PtK cells (rat kangaroo) and cultured human lymphocytes 
respectively (Cande et al. 1978; Ramirez et al. 1997; IARC 2006). In occupationally 
exposed workers, an increase in oxidative DNA damage, in induction of micronuclei, 
nucleoplasmatic bridges and nuclear buds has been observed (Ehrlich et al. 2008). 
The inhibition of the repair of DNA double strand breaks and bleomycin-induced DNA 
damage by vanadium pentoxide has been reported as well (Ivancsits et al. 2002; 
Ehrlich et al. 2008).  
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Concerning tumorigenesis, an inhalation study (V2O5 at concentrations of 0, 1, 2 and 
4 mg/m3, 6 h per day, 5 days/week for 104 weeks) revealed an increase in the 
incidence of alveolar and bronchiolar neoplasms as well as a significant increase in 
hyperplasia of alveolar/bronchial epithel in mice of both sexes and male rats (Ress et 
al. 2003). In contrast, in humans, no correlation between exposure to vanadium 
oxides and cancer incidence could be established yet. Thus, vanadium pentoxide is 
classified as “possibly carcinogenic to humans (group 2B)” (IARC 2006). 
 
1.6 Objective of this work 
Little is known about the genotoxicity of many of the novel nanomaterials that are 
produced nowadays. However, the results of studies with particulate matter raise 
concern that inhalative exposure to nanomaterials may lead to carcinogenesis. 
Moreover, the enhanced ability of nanomaterials to generate ROS that has been 
observed for many nanomaterials suggests an elevated genotoxic potential via 
oxidative DNA damage. 
The aim of this work was to examine the genotoxic potential of synthetic 
nanomaterials in a human alveolar epithelial cell line (A549) as a model for inhalative 
exposure. I wanted to analyze and compare the biological and toxicological effects of 
different nanosized vanadium oxides (vanadium trioxide and vanadium pentoxide) 
and the same material in their bulky size. A set of different vanadium compounds, 
including soluble vanadate ions, was chosen to reveal underlying mechanisms or 
different modes of action of toxicity. 
After determination of the physico-chemical properties of the vanadium oxide 
materials, the cellular response to these substances, including uptake and effects on 
cell viability and proliferation, were examined. The generation of reactive oxygen 
species was analyzed for particles alone and in combination with cells. Genotoxicity 
testing was then performed at non-cytotoxic concentrations. The following 
genotoxicity endpoints were examined: DNA base modifications (8-oxo-guanine 
formation; detection via a FITC-coupled probe and flow-cytometrical analysis), DNA 
strand breaks (comet assay) and the induction of clastogenic / aneugenic effects 
(micronucleus test). Moreover, effects on cell cycle progression were assessed using 
a flow cytometry-based analysis of the cell cycle. 
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As vanadium oxides find only limited application, I further compared their genotoxic 
effects to those of frequently, at large-scale produced nanomaterials (carbon black, 
titanium dioxide, zinc oxide) using the comet assay and the micronucleus test. 
 
In conclusion, the main questions to be answered were: 
 
1. Are nanomaterials genotoxic? What kind of DNA damage is induced? What 
are the mechanisms and consequences of genotoxicity? 
2. Are there differences in the effects exerted by bulk and nanomaterials of the 
same chemical origin? Are there differences in the biological effects exerted 
by different vanadium oxides? 
3. What could be the reason for different effects? 
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2 Materials and Methods 
2.1 Material 
2.1.1 Technical equipment 
Product Manufacturer 
Analytical Scale Sartorius 1602 MP Sartorius AG Mechatronik, Göttingen 
Casy®1 Innovatis, Reutlingen 
CCD Camera Kappa DX 4 Kappa opto-electronics, Gleichen 
Centrifuge 5415 C, 5417R Eppendorf AG, Hamburg 
Cryo 1°C Freezing Container NalgeneTM, Labware, USA 
Electrophoresis PowerPac Basic Bio-Rad Laboratories GmbH, München 
Electrophoresis Power Supply EPS 
500/400 
Pharmacia Biotech, Uppsala, Sweden 
Flow Bench Lamin Air® HB2460 Heraeus Christ, Fellbach 
Flow Cytometer BD LSR II Becton Dickinson, Heidelberg 
Fluorescence Microscopes DM IRE2 and 
Leitz DM IL 
Leica Microsystems, Wetzlar 
Fluorescence Reader FL600 MWG Biotech AG, Ebersberg 
ICP-OES OPTIMA 4300 DV Perkin Elmer, Waltham, Massachusetts, 
USA 
Incubator CB 210 WTB Binder Labortechnik GmbH, 
Tuttlingen 
Microplate Absorption Reader VersaMax, Molecular Devices, 
Sunnyvale, CA, USA 
Pipets „Research“ Eppendorf AG, Hamburg 
Scale Mettler PC180 Mettler Waagen GmbH, Gießen 
Sonifier B15 Branson, G. Heinemann, Schwäbisch 
Gmünd 
Transmission Electron Microscope EM 
109 T 
Carl Zeiss AG, Oberkochen 




CellQuest Pro (Flow Cytometer) BD Biosciences, Heidelberg 
ChemBioDraw Ultra 11.0 CambridgeSoft, Cambridge, MA, USA 
Improvision Volocity 4 (Fluorescence 
Microscope) 
Improvision, Coventry, UK 
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Lambda KC4 2.7 (Fluorescence Reader) MWG Biotech AG, Ebersberg 
ModFit LT (Flow Cytometer) Verity software house, Topsham, USA 
Sigma Plot 2002 SPSS Inc., Chicago, Illinois, USA 
SOFTmax Pro 3.1 (Microplate 
Absorption Reader) 
VersaMax, Molecular Devices, 
Sunnyvale, CA, USA 
VisComet (Comet Assay) Impuls computergestuetzte Bildanalyse 




Cell Culture Flasks (75 cm2) Sarstedt, Nürnbrecht 
75-mesh Copper Grids Plano, Wetzlar 
Cover Slips Carl Roth GmbH & Co, Karlsruhe 
Eppendorf Tubes (0.5 ml, 1.5 ml, 2 ml) Eppendorf AG, Hamburg 
Falcon Tubes (15 ml, 50 ml) Greiner bio one, Frickenhausen 
Lab-Tek Chambered Coverglass Nalge Nunc International, Rochester, 
NY, USA 
Microcon Ultracel YM-100 centrifugal 
filter device 
Millipore, Billerica, MA, USA 
Microscope Slides Super Frost Carl Roth GmbH & Co, Karlsruhe 
Multiwell plates (6, 96) Nalge Nunc International, Rochester, 
NY, USA 









diphenyltetrazolium bromide (MTT) 
Sigma-Aldrich Chemie, Taufkirchen  
Acridinorange Sigma-Aldrich Chemie, Taufkirchen  
Agarose (normal melting point) PeqLab, Erlangen 
AlamarBlueTM AbD Serotec, Oxford, UK 
Aprotinin Sigma-Aldrich Chemie, Taufkirchen 
BCA reagent Pierce, Rockford, USA 
Bovine serum albumin (BSA) Sigma-Aldrich Chemie, Taufkirchen 
Casyton® Schärfe Systems, Reutlingen 
Colchicin Sigma-Aldrich Chemie, Taufkirchen 
Copper sulfate (CuSO4) Merck KGaA, Darmstadt 
CyStain DNA 1-step Partec, Münster 
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Cytochalasin B Sigma-Aldrich Chemie, Taufkirchen 
Diethylene glycol (DEG) Sigma-Aldrich Chemie, Taufkirchen 
Dihydrorhodamine 123 (DHR) Invitrogen, Karlsruhe 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie, Taufkirchen 
Ethanol 99.9% Carl Roth GmbH & Co, Karlsruhe  
Ethidium bromide Sigma-Aldrich Chemie, Taufkirchen 
Ethylenediaminetetraacetic acid (EDTA) 
disodiumsalt dihydrate 
Carl Roth GmbH & Co, Karlsruhe 
Hanks’ Balanced Salt Solution (HBSS) Invitrogen, Karlsruhe 
Hydrochloric acid Carl Roth GmbH & Co, Karlsruhe 
Hydrogen peroxide Merck KGaA, Darmstadt 
Isopropanol Carl Roth GmbH & Co, Karlsruhe 
KH2PO4 Carl Roth GmbH & Co, Karlsruhe 
Leupeptin Sigma-Aldrich Chemie, Taufkirchen 
Low Melt Agarose Carl Roth GmbH & Co, Karlsruhe 
Methyl methanesulfonate (MMS) Sigma-Aldrich Chemie, Taufkirchen 
Na2HPO4·2H2O Carl Roth GmbH & Co, Karlsruhe 
Nitric acid (HNO3) Carl Roth GmbH & Co, Karlsruhe 
N-Lauroylsarcosinat Sigma-Aldrich Chemie, Taufkirchen 
Paraformaldehyde (PFA) Sigma-Aldrich Chemie, Taufkirchen 
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Chemie, Taufkirchen 
Phosphate buffered saline (PBS) Invitrogen, Karlsruhe 
Sodium deoxycholate Sigma-Aldrich Chemie, Taufkirchen 
Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co, Karlsruhe 
Sodium chloride Carl Roth GmbH & Co, Karlsruhe 
Sodium hydroxide pellets Merck, Darmstadt 
Triton X-100 Carl Roth GmbH & Co, Karlsruhe 
Tris-HCl Carl Roth GmbH & Co, Karlsruhe 
Tris(hydroxymethyl)aminomethane 
(TRIS) 
Carl Roth GmbH & Co, Karlsruhe 
Vanadium (III) oxide Sigma-Aldrich Chemie, Taufkirchen  




Biotrin OxyDNA Test BD Biosciences, Woburn, USA 
Cell proliferation ELISA, BrdU Kit Roche Applied Science, Mannheim 
Cytotoxicity Detection Kit (LDH) Roche Applied Science, Mannheim 
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2.1.6 Bulk and nanomaterials 





















Average diameter 25 nm 
Length 100 – 1.000 nm 
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1: (Feldmann 2003); 2: (Worle-Knirsch et al. 2007); 3: (Schulze et al. 2008). 
 
#: BET-Analysis was done by Hans-Jürgen Schindler, at the Department of High Performance 
Ceramics, EMPA Dübendorf, Switzerland 
2.1.7 Cell culture: cell lines, medium and supplements 
In this work, the human alveolar epithelial cell line A549 (ATCC, CCL-185) (Giard et 
al. 1973), obtained from American Type Culture Collection (Rockville, MD), was used 
as a model of human type II alveolar epithelial lung cells (Lieber et al. 1976). 
 
Product Provider 
Accutase PAA, Pasching, Austria 
Dulbecco´s modified Eagle´s medium 
(DMEM) 
GIBCO® Invitrogen, Karlsruhe 
Fetal calf serum (FCS) GIBCO® Invitrogen, Karlsruhe 
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Insulin solution Sigma-Aldrich Chemie, Taufkirchen 
L-glutamine Cambrex, Verviers, Belgium 
Penicillin-Streptomycin Liquid GIBCO® Invitrogen, Karlsruhe 
Sodium pyruvate GIBCO® Invitrogen, Karlsruhe 
Trypsin-EDTA GIBCO® Invitrogen, Karlsruhe 
 
2.2 Methods 
2.2.1 Cell culture 
2.2.1.1 Culture of A549 cells 
A549 cells are growing adherently with a doubling time of approximately 24 hours. 
The cells were cultivated at 37°C and 5% CO2 in humidified air in DMEM medium 
with supplements as given in Tab. 2. 
 




10% (v/v) fetal calf serum (FCS) 
2 mM L-glutamine 
100 µg/ml penicillin and 100 U/ml streptomycin 
 
Once a week, when cells were approaching 100% confluency, cells were 
subcultivated. To this end, the medium was removed and cells were washed once 
with pre-warmed phosphate buffer saline without Ca2+ and Mg2+ (PBS -/-). Cells were 
detached from the cell culture flask by incubation with 2 ml trypsin-EDTA. Incubation 
with trypsin-EDTA was for 5 to 10 min at 37°C. Then, addition of 8 ml fresh cell 
culture medium stopped trypsinization and cells were transferred to a 50 ml Falcon 
tube. Cells were spun down for 5 min at 405 x g. Medium was aspired and cells were 
resuspended in 20 ml fresh medium. 
A 1:100 dilution of the cell suspension was prepared and the cell number was 
counted using a cell counter (Casy®1, Innovatis). In a new culture flask, 2 x 105 cells 
were seeded in 20 ml medium. 
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2.2.1.2 Cryoconservation of cells 
For long-term storage, cells were kept in liquid nitrogen. The desired number of cells 
(usually 106 cells per ml) were suspended in FCS containing 10% dimethyl sulfoxide 
(DMSO) and transferred to cryo-tubes. Cells were first frozen at -80°C. To cool down 
the cells slowly (1°C per minute), a freezing container (Cryo 1°C Freezing Container, 
NalgeneTM, Labware, USA) was used. Finally, cells were transferred to liquid 
nitrogen. 
To re-cultivate cells stored in liquid nitrogen, the tube containing the cells was put on 
ice during transport from the N2 container to the lab. Upon arrival, cells were 
immediately thawed in a 37°C water bath and transferred to 20 ml pre-warmed cell 
culture medium in a culture flask. Medium was changed the next day. The cells were 
cultivated for at least two weeks after thawing before using them for experiments. 
2.2.2 Preparation of test substances 
2.2.2.1 Preparation of particles 
NanoCare nanoparticle suspensions (TiO2, CB, ZnO) were prepared according to the 
standard operating procedure “Preparing suspensions of nanoscale metal oxides for 
biological testing” published at the NanoCare homepage www.nanopartikel.info. 
Briefly, test material is weighed into a 10 ml snap-on lid glass and cell culture 
medium (max. 6 ml) is added to obtain a stock suspension of a concentration of 
1 mg/ml. The suspension is stirred on a magnetic stir bar for 1 hour at 900 rpm at 
room temperature (RT), then, the desired dilutions are prepared. For this purpose, an 
aliquot is taken out of the stock suspension while stirring. This aliquot is added to the 
– already stirring – solvent and stirred for another 24 hours. 
2.2.2.2 Preparation of vanadium oxides 
Vanadium oxide nanomaterials were delivered as suspensions in DEG at 
concentrations of 14.4 mg/ml (nano V2O3) and 0.5 mg/ml (nano V2O5) from C. 
Feldmann (Feldmann 2003). Vanadium oxide bulk materials (CAS numbers: 1314-
34-7 (V2O3) and 1314-62-1 (V2O5)) were suspended in diethylene glycol (DEG) at 
14.4 mg/ml (V2O3) and 5 mg/ml (V2O5) and sonified (Sonifier B15, Branson) until a 
homogenous suspension was achieved. Before use, a 1:10 dilution in DEG was 
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prepared (except for nano V2O5) to yield the following concentrations: bulk and nano 
V2O3 1.44 mg/ml, bulk and nano V2O5 0.5 mg/ml. 
Both bulk and nano vanadium oxides were sonified (30 pulses at 40% output) prior to 
withdrawal of the required amount of substance. After centrifugation (21.000 x g, 
15 min), excess DEG was removed and the vanadium oxides were resuspended in 
water or cell culture medium. 
2.2.2.3 Preparation of vanadate solution 
A solution of soluble vanadium oxide species (for comparison of the effects of soluble 
ionic species versus undissolved vanadium oxides) was prepared from 1 mg of bulk 
V2O5. The bulk vanadium pentoxide was suspended in DEG and sonified. After 
centrifugation (21.000 x g, 15 min), excess DEG was removed. The vanadium oxide 
was resuspended in 5 ml Millipore water in a 50 ml glass volumetric flask and stirred 
until dissolution. Aliquots of the solution were filtered by centrifugation (13 min at 
14.000 x g) using a Microcon Ultracel YM-100 centrifugal filter device (Millipore), 
pooled and analyzed by inductively coupled plasma optical emission spectrometry 
(ICP-OES) (see section 2.2.3.2) to determine the vanadium concentration. 
2.2.3 Characterization of test materials 
2.2.3.1 Preparation of nanomaterials for characterization by transmission 
electron microscopy 
1 ml of the stock solution of vanadium oxide nanomaterials was spun at 21.000 x g 
for 15 min. The DEG was removed, the pellet resuspended in 50 µl H2O and spun at 
1300 x g for 10 min. The supernatant was discarded and the pellet once again 
resuspended in 50 µl H2O and sonified (30 pulses at 40% output). A 1:10 dilution in 
H2O was prepared and dropped onto 75-mesh formvar-coated copper grids, dried 
over night and analyzed with a Zeiss 109T transmission electron microscope. 
2.2.3.2 Determination of the solubility of vanadium oxides 
Reaction tubes were cleaned in subboiled nitric acid (HNO3) and rinsed with 
deionized water (“Millipore-H2O, resistivity < 20 MΏ*cm) to minimize contamination. 
Vanadium oxides were prepared as described above (see section 2.2.2.2) and 
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suspended in Millipore-H2O at a concentration of 1 mg/ml. After sonification, 
vanadium oxide suspensions were incubated at 37°C for 1, 3.5, 24, 48 and 
144 hours. At the given timepoints, the vanadium oxide suspensions were 
sedimented by centrifugation (14.000 x g, 15 min). 200 µl of the supernatant were 
applied to a Microcon Ultracel YM-100 centrifugal filter device (Millipore) and spun for 
13 min at 14000 x g to retain nanomaterial remaining in the supernatant. The flow-
through was diluted in diluted subboiled HNO3 (Acid + Millipore-H2O = 1 + 4) and 
analyzed by ICP-OES (OPTIMA 4300 DV, Perkin-Elmer) in comparison with matrix 
matched calibration solutions covering the concentration range of the samples. Three 
emission lines of vanadium have been used: 311.071 nm, 309.310 nm, and 
292.402 nm. The detection limit calculated by 6 times of the standard deviation of 30 
acid blanks measured between the samples varies insignificantly between 0.006 mg/l 
and 0.007 mg/l. 
2.2.4 Analysis of vanadium oxide uptake into cells 
A549 cells were seeded in 6-well plates at a density of 1.5 million cells per well one 
day before treatment. Cells were exposed to 10 µg/cm2 of bulk and nano V2O3, V2O5 
and vanadate, respectively, for 24 hours at 37°C. After treatment, medium was 
removed and the cells were thoroughly washed with PBS-/-. Cells were harvested by 
trypsinization and pelleted by centrifugation (405 x g, 5 min). The cell pellet was lysed 
in 100 µl RIPA buffer (see Tab. 3) supplemented with 20 µg/ml aprotinin, 20 µg/ml 
leupeptin and 1 mM phenylmethylsulfonyl fluoride (PMSF). Lysis was performed for 
1 hour on ice. The protein content was determined by the bicinchoninic acid (BCA) 
assay (Pierce, see section 2.2.5). 95 µl of the cell lysate were dissolved in 4 ml 
subboiled HNO3 and 0.5 ml subboiled HCl in silica tubes and subjected to microwave 
digestion at 250°C and a pressure of 80 bar prior to quantification by ICP-OES (see 
section 2.2.3.2). To account for varying cell numbers, vanadium content was 
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Tab. 3 Content of RIPA lysis buffer 
 
RIPA lysis buffer 
150 mM NaCl 
20 mM Tris-HCl pH 7.4  
0.5% (w/v) sodium-
deoxycholate  
5 mM sodium-EDTA  
0.1% (v/v) SDS 
1.0% (v/v) Triton-100 
 
2.2.5 Determination of the protein concentration (BCA assay) 
Protein concentrations were determined with the BCA assay which is based on the 
biuret reaction (Smith et al. 1985). This reaction involves the chelation of proteins and 
copper (Cu2+) ions under alkaline conditions, yielding a blue complex. Subsequently, 
a reduction of the Cu2+ ions to Cu1+ ions, and the colorimetric detection of Cu1+ ions 
by bicinchoninic acid (BCA) occurs. BCA and Cu1+ form a purple complex with a 
maximum absorption at 562 nm which can be detected photometrically. The first 
complex formation is directly proportional to the number of peptide bonds, the second 
to the number of Cu1+ ions; thus, the absorption at 562 nm is proportional to the 
protein concentration. For quantitation of the protein concentration, known 
concentrations of bovine serum albumin (BSA) were used to generate a standard 
curve from which the concentration of the unknown protein samples could be derived. 
The assay was performed in a 96-well plate. 10 µl of the protein standards (0, 0.1, 
0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mg/ml BSA) and 2 to 5 µl of the samples were applied to 
the wells in duplicates. The BCA reagent was prepared by mixing BCA solution and 
4% copper sulfate (CuSO4) solution at the ratio 50:1. 200 µl of the BCA reagent were 
added to each well; then, the plate was incubated for 30 min at 37°C. Photometrical 
measurement of the absorption (microplate absorption reader: VersaMax, Molecular 
Devices) at 562 nm occurred after the samples had cooled down to room 
temperature. Protein concentrations were determined from the standard curve using 
the SOFTmax Pro 3.0 software. 
Materials and Methods 
33 
2.2.6 Cell viability assays 
To assess the biological effects of novel chemical substances, a number of assays 
probing cell viability are used. In this work, different assays were used to analyze cell 
proliferation and acute toxicity (including metabolic activity or integrity of the cell 
membrane). Some of these assays have overlapping applications, as assays probing 
metabolic activity also detect cell proliferation (more cells also means more overall 
metabolic activity and thus a stronger signal). 
2.2.6.1 Proliferation assay I (cell number) 
This assay assesses cell proliferation by detecting alterations in the cell number of 
treated samples in comparison to untreated control cells. 
A549 cells were seeded in 6-well plates at a concentration of 105 cells per well and 
cultivated over night. Cells were treated with bulk and nano vanadium oxides (1, 2 
and 10 µg/cm2) or 10 µl DEG in 2 ml medium as solvent control for 24, 48 and 
72 hours. At the given timepoints, cells were harvested by trypsinization, and a 200 µl 
aliquot was diluted 1:100 and counted using the Casy®1 cell counter. 
2.2.6.2 Proliferation assay II (AlamarBlueTM assay) 
This assay serves both at analysis of cell proliferation (Ahmed et al. 1994; de Fries et 
al. 1995) and cytotoxicity (Nociari et al. 1998). The indicator dye AlamarBlueTM 
comprises an oxidation-reduction indicator that changes color and becomes 
fluorescent due to mitochondrial reduction in viable cells. The more cells are present, 
the more dye is converted and the stronger is the fluorescence, which is measured at 
at 560 nm excitation and 620 nm emission wavelengths. 
10.000 cells were seeded in 200 µl medium per well of a 96-well plate and grown 
over night. The next day, cells were treated with bulk and nano vanadium oxides at 
concentrations of 1, 2, 10 and 20 µg/cm2. DEG (40 µl in 8 ml medium) served as 
negative control, insulin (10 µg/ml) as a positive control. Cells were incubated for 24 
and 48 hours. After incubation, AlamarBlueTM dye was added to the cells to a final 
ratio of 1:10 (22 µl to 200 µl medium). The cells were incubated further for another 1 
to 2 hours and finally analyzed in the fluoreader (FL600, MWG Biotech; excitation: 
560 nm; emission: 620 nm). 
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2.2.6.3 Proliferation assay III (BrdU assay) 
The incorporation of a base (thymidin) analogue (5-bromo-2'-deoxy-uridine, BrdU) 
into the DNA of proliferating cells during DNA synthesis is the principle of this 
proliferation assay. BrdU can be lateron detected by a BrdU-specific antibody. In the 
Cell proliferation ELISA BrdU Kit provided by Roche Applied Science, this antibody is 
conjugated to a peroxidase which catalyzes the conversion of a colorimetric 
substance. Absorbance of this substance is then measured photometrically at 
450 nm wavelength. 
10.000 cells were seeded in 200 µl medium per well of a 96-well plate and grown 
over night. The next day, cells were treated with vanadium oxides at concentrations 
of 1, 2, 10 and 20 µg/cm2 for 24 and 48 hours. DEG (10 µl in 2 ml) served as solvent 
control, insulin (10 µg/ml) as a positive control. Each concentration was run in 
quadruplicates. After incubation, cells were labeled with 10 µM BrdU in culture 
medium for 2 hours at 37°C. The labeling medium was removed and cells were fixed 
and the DNA partly denatured by addition of the FixDenat solution provided with the 
kit for 30 min at RT. The FixDenat solution was aspired and the antibody-solution 
(prepared according to the protocol of the manufacturer) applied to the cells for 
90 min at RT. Thereafter, cells were washed three times with the provided Washing 
solution. Then, 100 µl of the Substrate solution were added per well and incubated at 
RT for approximately 10 min (the color reaction was visually controlled to assure 
sufficient coloration for photometric detection). Absorbance was measured at a 
wavelength of 450 nm (reference wavelength: 690 nm). 
2.2.6.4  Toxicity assay I (MTT assay) 
The MTT assay analyzes the metabolic activity of cells via conversion of the yellow 
tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
(see Fig. 7). In the mitochondria of viable and metabolically active cells, succinat-
dependent dehydrogenases convert the yellow salt to water-insoluble blue formazan 
crystals. Prior to the photometrical measurement, these crystals are solubilised in 
isopropanol. To minimize possible influence of the red pH-indicator phenol-red in the 
cell culture medium, isopropanol is acidified by 1% (v/v) hydrochloric acid (HCl) which 
changes the color of phenol-red to yellow. Measurement of the absorption of the blue 
formazan is performed at 555 nm. 
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Fig. 7 Conversion of MTT to formazan in the MTT assay. 
Mitochondrial dehydrogenases convert the yellow MTT salt to blue, water-insoluble formazan. 
10.000 cells were seeded in 200 µl medium per well of a 96-well plate and grown 
over night. The next day, cells were treated with vanadium oxides at concentrations 
of 1, 2, 10 and 20 µg/cm2 for 24 and 48 hours. DEG served as solvent control (10 µl 
in 2 ml medium). Each concentration was run in quadruplicates. After treatment, cells 
were washed twice with PBS-/- and incubated for 2 hours with medium containing 
10% (v/v) of a MTT stock solution of 5 mg/ml in PBS, then spun down (350 x g, 
5 min). The medium was removed and the formazan crystals were dissolved in 
isopropanol containing 1% HCl. After another centrifugation step, the supernatant 
was transferred to a new 96-well plate and absorption measured with the photometer 
at 555 nm. 
2.2.6.5 Toxicity assay II (XTT assay) 
The XTT assay resembles the MTT assay as it also is based upon conversion of a 
tetrazolium salt by mitochondrial dehydrogenases in viable cells. But in contrast to 
the MTT salt which yields water-insoluble crystals, the product of the conversion of 
XTT (2,3-bis[2-methoxy-4-nitro-5-sulfopheny]-2H-tetrazolium-5-carboxyanilide inner 
salt) is a soluble orange formazan (see Fig. 8). Thus, the solubilization step is not 
needed. Photometric quantitation occurs at 450 nm (reference wavelength 690 nm). 
NADH     NAD+ 
MTT       Formazan 
Mitochondrial 
dehydrogenases 
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Fig. 8 Conversion of XTT to formazan in the XTT assay. 
Mitochondrial dehydrogenases convert the yellow XTT salt to an orange, water-soluble formazan. 
10.000 cells were seeded in 200 µl medium per well of a 96-well plate and grown 
over night. The next day, cells were treated with vanadium oxides at concentrations 
of 1, 2, 10 and 20 µg/cm2 for 24 hours. DEG served as solvent control (10 µl in 2 ml 
medium). Each concentration was run in quadruplicates. After incubation, cells were 
washed with PBS-/- and supplied with fresh medium. XTT solutions provided in the 
XTT Kit of Xenometrix were heated to 37°C in the water bath and mixed 1:100 
(XTT II:XTT I). Per well, 50 µl of the XTT-mixture was added. After 2 to 3 hours of 
incubation at 37°C, absorption was measured photometrically at 450 nm (reference 
wavelength 690 nm). 
2.2.6.6 Toxicity assay III (Lactate dehydrogenase assay) 
The cytotoxicity endpoint used by the lactate dehydrogenase (LDH) viability assay is 
membrane integrity. LDH is an intracellular enzyme which is released by damaged or 
dead cells as a result of membrane leakage. Activity of LDH in the supernatant is 
determined indirectly in a two-step process comprising two redox-reactions (see 
Fig. 9). Firstly, LDH oxidizes lactate to pyruvate; the co-enzyme nicotine-adenine 
dinucleotide (NAD+) is reduced to NADH/H+. Secondly, the yellow tetrazolium salt 
INT (2-[4-iodophenyl]-3-[4-nitrophenyl]-5-phenyltetrazoliumchloride) is reduced to a 
red formazan by transfer of hydrogen and electrons from the NADH/H+, which is 
catalyzed by diaphorase. This color reaction can be quantitated photometrically at a 
wavelength of 490 nm (reference wavelength 690 nm). 
NADH  NAD+ 
  XTT       Formazan 
Mitochondrial 
dehydrogenases 
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Fig. 9 Redox-reactions in the LDH assay. 
A two-step reaction is involved in the colorimetric detection of LDH: Firstly, the oxidation of lactate 
to pyruvate by LDH generates NADH/H+ (1.). Secondly, the tetrazolium salt INT is reduced to the 
red formazan; this reaction re-oxidizes NADH/H+ to NAD+(2.). 
The LDH assay can be performed in combination with the MTT assay, as 25 µl of the 
supernatant of the samples are sufficient. Thus, treatment of the cells is the same as 
described in section 2.2.6.4. However, 1 hour prior to withdrawal of the supernatant, 
8 wells of hitherto untreated cells were treated with Triton X-100 (final concentration 
1% (v/v). Treatment with the detergent Triton X-100 results in complete cell lysis and 
thus maximum LDH release which serves as a positive control. 
75 µl of PBS-/- were pipetted into the wells of a new 96-well plate. The supernatants 
of the treated cells were added to the wells with PBS. One row with 100 µl PBS only 
served as blank. Reagent I and Reagent II included in the Cytotoxicity Detection 
(LDH) Kit from Roche Applied Science were mixed (250 µl + 11.25 ml) and 75 µl of 
this mixture applied to each well. Incubation was performed at RT in the dark. After a 
sufficient color reaction had occurred, the reaction was stopped by addition of 50 µl 
1 N HCl to each well. Absorption was measured photometrically at a wavelength of 
490 nm (reference wavelength 690 nm). In contrast to the former toxicity tests, where 
a high absorption was indicative for high cell viability, in the LDH assay, high 
absorption means high LDH release and thus cytotoxicity. 
NAD+ NADH/H+ 
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2.2.7 Detection of reactive oxygen / nitrogen species (ROS / RNS) 
2.2.7.1 2’,7’-dichlorofluorescein (DCF) assay 
This assay detects a wide range of reactive oxygen and nitrogen species including 
hydrogen peroxide, superoxide anion, hydroxyl radical and peroxynitrite. It uses the 
non-fluorescent dye 2’,7’-dichlorodihydrofluorescein-diacetate (H2DCF-DA). H2DCF-
DA is uncharged and can thus enter the cell; once internalized, the diacetate is 
cleaved of by esterases yielding a charged molecule which is sequestered inside the 
cell. In presence of ROS, the nonfluorescent dye is oxidized to the fluorescent 2’,7’-
dichlorofluorescein (DCF) (see Fig. 10) (Wan et al. 1993). Fluorescence can be 
measured at a wavelength of 530 nm (excitation 488 nm). 
 
Fig. 10 Conversion of H2DCF to DCF in the DCF assay. 
The uncharged H2DCF-DA molecule enters the cell and is deacetylated by intracellular esterases. The 
resulting charged H2DCF is sequestered inside the cell and oxidized to the fluorescent DCF in the 
presence of ROS. 
Cells were seeded in 96 well plates at 25.000 cells per well one day before treatment. 
Cells were exposed to vanadium oxides at concentrations of 1, 2, 10 and 20 µg/cm2 
for 24 h at 37°C. Hydrogen peroxide (0.5 mM) was used as a positive control, DEG 
as solvent control (10 µl in 2 ml medium). Each sample was run in quadruplicates. 
After treatment, medium was removed and cells were washed once with pre-warmed 
Hank’s Balanced Salt Solution (HBSS). Cells were incubated for 40 min at 37°C with 
50 µM H2DCF-DA and then washed with HBSS to remove excess dye. Fluorescence 
was then analyzed in the fluoreader (FL600, MWG Biotech) at a wavelength of 
530 nm (excitation 488 nm). 
2.2.7.2 Dihydrorhodamine (DHR) assay 
The DHR assay is based upon the same working principle as the DCF assay (see 
section 2.2.7.1) yet uses another dye, dihydrorhodamine123 (DHR). This non-
fluorescent dye is oxidized in the presence of ROS (mainly by superoxide anion, 
Oxidation 
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hydrogen peroxide and peroxynitrite) to the fluorescent rhodamine123 which 
accumulates in mitochondrial membranes (Emmendorffer et al. 1990; Henderson et 
al. 1993; Royall et al. 1993) (see Fig. 11). The green rhodamine fluorescence can be 
measured at a wavelength of 530 nm (excitation 488 nm). 
 
 
Fig. 11 Oxidative conversion of dihydrorhodamine123 to rhodamine123 by ROS. 
The non-fluorescent dihydrorhodamine123 gets oxidized in the presence of ROS. Product is the 
fluorescent rhodamine 123. 
Cells were seeded in 96 well plates at a density of 25.000 cells per well one day 
before treatment. For microscopic analysis, 105 cells were seeded in a 4-well 
chamber slide instead. Cells were exposed to vanadium oxides at concentrations of 
1, 2, 10 and 20 µg/cm2 (15 µg/cm2 for chamber slides) for 24 h at 37°C. Hydrogen 
peroxide (0.5 mM) was used as a positive control, DEG as solvent control (10 µl in 
2 ml medium). Each sample was run in quadruplicates. After treatment, medium was 
removed and cells were washed once with pre-warmed HBSS. Per well, 100 µl of 
10 µM dihydrorhodamine123 in HBSS were added and cells were incubated for 
45 min at 37°C. Afterwards, the DHR solution was removed and cells were washed 
twice with HBSS. 100 µl of HBSS were added and fluorescence (485/530 nm) was 
measured using the fluoreader (FL600, MWG-Biotech) after 0, 1, 2, and 3 hours. 
The assay was also performed without cells, i.e. with vanadium oxides in cell culture 
medium. In this case, a 96-well plate without cells was supplied with the same 
concentrations of vanadium oxides as described above and incubated likewise. After 
incubation, the dye was directly added to the medium containing the vanadium 
oxides, incubated for another 40 min at 37°C and then measured. 
Oxidation 
   ROS  
Dihydrorhodamine123      Rhodamine123              
(non-fluorescent)      (fluorescent) 
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2.2.8 Genotoxicity assays 
Genotoxicity assays serve to detect and to analyze possibly harmful alterations of the 
DNA including mutations, strand breaks, chromosome breaks or chromosome 
aberrations. 
2.2.8.1 Comet assay (single cell gel electrophoresis) 
The comet assay is a simple and fast test for the detection of DNA damage. It has 
been described first by Singh et al. (Singh et al. 1988). For the comet assay, a small 
number of cells are embedded into a thin agarose layer, lysed, subjected to 
electrophoresis and stained with a fluorescent DNA-intercalating dye. The more the 
chromosomal DNA in the nucleus is damaged, the higher is the migration of the DNA 
fragments during electrophoresis, producing a comet-like structure with a “head” 
(genomic unfragmented DNA) and a “tail” (migrated DNA fragments). 
The most widely used comet assay with alkaline lysis detects mainly single-strand 
breaks and alkali-labile sites; neutral lysis conditions can be chosen for monitoring of 
double strand breaks. Different other variations have been described, e.g. for the 
detection of crosslinks, single strand nicks or specific classes of base damage. 
The advantage of the comet assay consists in its simple and fast performance, its 
sensitivity, the possibility to analyze DNA damage in single cells and the need for low 
numbers of cells. Moreover, the comet assay works well for nearly any eukaryotic cell 
population, no matter if they are dividing or not. It is therefore widely used in 
genotoxicity testing (Speit et al. 1999). 
The alkaline comet assay was performed basically as described by Singh et al. 
(Singh et al. 1988). Cells were seeded in 6-well plates at a density of 250.000 cells 
per well one day before treatment and exposed to 1 and 2 µg/cm2 of vanadium 
oxides and vanadate for 24, 36 and 48 hours. DEG (10 µl in 2 ml medium) was used 
as solvent control. Methyl-methane sulfonate (MMS, 1 mM) was used as a positive 
control and added 1 hour prior to the end of incubation. Then, the medium was 
removed, cells were washed once with PBS and harvested using accutase. Cells 
were suspended in 0.5 ml of cell culture medium. 80 µl of the cell suspension were 
mixed with 320 µl of 37°C warm 0.5% (w/v) low-melting agarose in PBS. 180 µl of the 
agarose-cell solution were applied to microscope slides precoated with 1.5% (w/v) 
agarose (PeqGold Universal Agarose, PeqLab) in PBS. Each sample was run in 
duplicates. A cover slip was placed on the slide, agarose was allowed to solidify 
A 
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(5 min at 4°C) and cover slips were removed before putting slides into a lysis solution 
for 1 hour at 4°C (see Tab. 4). Slides were then put into a horizontal electrophoresis 
tray containing the alkaline electrophoresis buffer allowing unwinding of the DNA for 
20 min (see Tab. 4). Thereafter, electrophoresis (25 V, 300 mA) was performed for 
20 min. After electrophoresis, slides were neutralized in TRIS buffer (see Tab. 4), 
rinsed in H2O and dehydrated in 99% ethanol and dried over night. DNA was stained 
with ethidiumbromide (20 µg/ml) and comets were analyzed using a Leitz DM IL 
microscope (Leica) equipped with a Kappa DX 4 camera (Kappa opto-electronics) 
and the software “Viscomet” (Impuls computergestuetzte Bildanalyse GmbH) (see 
Fig. 12). Excitation wavelength was 510 to 560 nm. Per slide, 50 randomly chosen 
comets were analyzed blinded. 
 
 
Fig. 12 Analysis of comets using the “Viscomet” software. 
(A) Microscopic image of a cell with DNA damage (magnification 400x). (B) The Viscomet Software 
quantifies fluorescence intensities and determines head (yellow) and tail (red) regions of the comet 
and their percentage of DNA. The blue region (“body”) is not included into the analysis. 






Normal melting point agarose solution 1.5% (w/v) agarose in PBS 
Low melting point agarose solution 0.5% (w/v) low-melting agarose in PBS 
Lysis Buffer  
 
2.5 M NaCl 
100 mM EDTA  
10 mM TRIS 
1% Na-Laurolysarcosinat 
Adjust pH to pH 10 
 
B A 




Freshly prepared before use: 
Add  
10% (v/v) DMSO 
1% (v/v) Triton-X-100 
to 66.75 ml Lysis Buffer 
 
NaOH Solution 5 M NaOH (pellets) in H2O 
EDTA Solution 
 
0.2 M Na2-EDTA·2H2O 




Freshly prepared before use: 
0.3 M NaOH 
1 mM EDTA 
 
Neutralization Buffer 0.4 M TRIS, adjust pH to pH 7.5 
 
2.2.8.2 Micronucleus test 
The micronucleus test has been developed by J.A. Heddle in 1973 (Heddle 1973) 
and has since then become a widely used, powerful tool for the analysis of 
genotoxicity at the chromosomal level. Chromosomal aberrations are frequent in 
cancer cells and their assessment may provide insight into causes and 
consequences of the deregulation occuring in tumor cells. 
Micronuclei contain chromosomal fragments arising from chromosomal breaks or 
whole chromosomes that failed to be distributed during mitosis. In telophase, the 
fragments or whole chromosomes are enveloped by a nuclear membrane and hence 
gain the appearance of a small nucleus. 
The method is applied to assess naturally occurring genetic damage as well as the 
genotoxicity of chemicals and exposure to irradiation. The micronucleus test is 
responsive to a variety of genotoxic effects, ranging from double-strand breaks to 
inhibition of spindle formation. Even minor lesions such as base-base mismatches or 
epigenetic modifications such as hypomethylation can be detected if they yield 
chromosomal breakage during processing of the lesion by the cell or changes 
impairing the equal distribution of chromosomes during mitosis. 
To perform a micronucleus test, cells are placed or grown on a microscope slide, 
fixed with ethanol, stained and analyzed by microscopy. Mostly, a cytokinesis blocker 
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(cytochalasin B) is used to be able to score only cells which have undergone exactly 
one cell division. These cells are marked by the existence of two nuclei. Usually, the 
number of binucleated cells with micronuclei in 1.000 binucleated cells is determined. 
Additional parameters such as the number of apoptotic or mitotic cells and 
nucleoplasmatic bridges (see Fig. 13) may be scored to get a more complete view of 
the effect of the toxic agent (Fenech 2000). 
The micronucleus test has been established and validated in our lab by using 
different genotoxic agents (H2O2, MMS) at different concentrations. MMS at a 
concentration of 150 µM yielded a significant increase in binucleated cells with 
micronuclei in comparison to control cells and was used in subsequent experiments 
as a positive control. 
 
Fig. 13 Examples of parameters scored in the micronucleus test. 
(A) Apoptotic cell. (B) Mitotic cell (anaphase). (C) Binucleated cell with micronucleus. (D) Cell with 
segmented nuclear morphology and nucleoplasma-brigde-like structures. Staining: Acridinorange. 
Magnification: 630x. 
Cells were seeded in a 4-well chamber slide at at density of 100.000 cells per well 
and grown over night. Cells were treated with 1 and 2 µg/cm2 vanadium oxides for 
24 hours. DEG (10 µl in 2 ml medium) was used as a solvent control, MMS (150 µM) 
as a positive control. To each sample, 4 µg/ml cytochalasin B were added to induce 
binucleated cells. Each sample was run in duplicates. After incubation at 37°C for 
24 hours, medium was removed and cells were fixed with 1 ml -20°C cold absolute 
ethanol and stored at -20°C until staining and evaluation. 
To stain the cells, ethanol was aspired and cells dried for several minutes. 
Acridinorange, a dye which stains RNA red and DNA green, was used at a 
concentration of 0.2 mM in Sörensen’s buffer (see Tab. 5). Cells were stained for 
10 min, then washed twice with Sörensen’s buffer for 5 min. Finally, 0.5 ml 
Sörensen’s buffer were added to each well and cells were analyzed at the Leitz DM 
IL microscope (Leica) using a filter allowing an excitation wavelength of 450 nm – 
490 nm and the detection of an emission at a wavelength of 590 nm. 
A B C  D 
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The following parameters were counted: In the first run, the number of mono-, bi- and 
polynucleated cells, the number of apoptotic and mitotic cells and the number of cells 
with segmented nuclei. In the second run, the number of binucleated cells with 
micronuclei in at least 1.000 binucleated cells. 
 






0.06 M KH2PO4 
 
4.54 g KH2PO4 in 0.5 l H2O 
 
0.06 M Na2HPO4·2H2O 5.938 g Na2HPO4·2H2O in 0.5 l H2O 
Sörensen’s buffer pH 6.8 
 
Freshly prepared before use 
24.6 ml 0.06 M Na2HPO4·2H2O 
50.8 ml 0.06 M KH2PO4 
 
Acridinorange Stock Solution  
 
1 mM acridinorange in H2O 
 
Acridinorange Staining Solution 
 
Freshly prepared before use 




2.2.8.3 Biotrin OxyDNA test 
Oxidized DNA bases are an important mutagenic DNA lesion. This assay was used 
to analyze the content of oxidized guanine (8-oxo-guanine) in the DNA. The Biotrin 
OxyDNA Test kit from BD Biosciences provides a fluorescein isothiocyanate (FITC)-
coupled probe specifically binding to 8-oxo-guanine. The green fluorescent FITC can 
be detected either by microscopy or flow cytometry after excitation at 488 nm. 
A549 cells were seeded in 6-well plates at a density of 500.000 cells per well one day 
before treatment. Cells were treated for 24 hours with vanadium oxides at a 
concentration of 1 and 2 µg/cm2. After treatment, medium was removed and cells 
were washed once with PBS. Cells were detached with accutase, suspended in PBS 
and pelleted by centrifugation (405 x g, 5 min). The pellet was resuspended in 0.5 ml 
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PBS, then, 0.5 ml ice-cold 4% (w/v) paraformaldehyde in H2O was added and cells 
incubated for 15 min on ice. Cells were pelleted again by centrifugation and washed 
twice with PBS. Thereafter, ice-cold 70% (v/v) ethanol was added for 30 minutes. 
Afterwards, cells were washed once with PBS, once with Wash Solution provided in 
the Biotrin OxyDNA Test (BD Biosciences) and then incubated with 100 µl FITC-
conjugated anti-8-oxo-guanine-probe for 30 minutes at 37°C. After two washing steps 
with Wash Solution, cells were suspended in PBS and analysis was performed by 
flow cytometry (BD LSR II, Becton Dickinson). 
For microscopy, cells were grown in 4-well chamber slides at a density of 100.000 
cells per well and treated likewise. The protocol in this case does not require cell 
harvesting, and instead of centrifugation, solutions could be aspired to be removed, 
as cells are attached to the slides. After the final washing step, the chambers were 
removed, mounting medium was applied and the slides were covered by cover slips 
and stored in the dark until analysis. 
2.2.9 Cell cycle analysis 
Alterations in the cell cycle can be the consequence of toxic or DNA-damaging 
effects of a noxa. The content of DNA in the cells during the different phases of the 
cell cycle is varying: It is 1n during G0/G1-phase, increases from 1n to 2n during S-
phase and is finally 2n in G2/M-phase before the onset of mitosis. After mitosis, each 
daughter cell has 1n. These cycling DNA-levels and thus cell cycle progression can 
be monitored using a DNA-staining dye such as 4'-6-diamidino-2-phenylindole 
(DAPI). In the flow cytometer, the fluorescence signal of a cell with 1n is half of the 
fluorescence signal of a cell with 2n (the signal of DNA-synthesizing cells is in-
between); hence, cells in G0/G1-phase and G2/M-phase can be quantified 
separately and their ratio can be compared. 
A549 cells were seeded in 6-well plates at a density of 500.000 cells per well one day 
before treatment. Cells were exposed to vanadium oxides at concentrations of 2 and 
10 µg/cm2 for 24 hours. Colchicin (25 µM) was used as a positive control for G2/M 
arrest. After treatment, medium was transferred to a 15 ml tube. Cells were washed 
with PBS which was also transferred to the same 15 ml tube. Cells were detached 
with 0.2 ml accutase, suspended in 0.8 ml media and transferred to the 15 ml tube. 
After centrifugation (405 x g, 5 min), the supernatant was discarded and cells were 
resuspended in ice-cold PBS. All following steps were performed at 4°C. Cells were 
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centrifuged once again, washed with PBS and resuspended in 1 ml cold PBS. 3 ml of 
ice-cold 99% ethanol were added dropwise while vortexing. Cells were fixed for one 
to two hours on ice, then pelleted by centrifugation. The supernatant was removed 
and cells were stained protected from light with 0.5 ml CyStain DNA 1step (Partec) 
over night at 4°C. Analysis was performed by flow cytometry using UV excitation. 









Fig. 14 Quantification of cell cycle analysis using ModFit LT software. 
The data acquired by flow cytometry were quantified with the ModFit LT Software. A model is 
generated (smooth line) and the areas under the curve for the cell cycle phases calculated. The 





The aim of my work was to examine the genotoxic potential of synthetic metal oxide 
nanomaterials. The experiments were performed in a human alveolar epithelial cell 
line (A549), as a model of inhalative exposure, which is the most important way of 
exposure for nanomaterials. I used different vanadium oxides, both bulk and nano-
sized material as well as soluble vanadate ions, to be able to compare the biological 
effects of the different closely “related” substances. Moreover, the use of a set of 
vanadium oxides of different physical and chemical composition was supposed to 
enable conclusions about possible mechanisms responsible for the observed effects. 
At first, the physico-chemical characteristics of the vanadium oxides were 
determined. Then, the amount of vanadium taken up into cells was analyzed and the 
effects of vanadium oxides on cell viability and proliferation were examined. 
Assessment of cell viability is important as one has to exclude to use cytotoxic 
concentrations during genotoxicity testing. Consequently, the ability of vanadium 
oxides to generate reactive oxygen species was analyzed, as genotoxicity can be 
due to oxidative stress. Genotoxicity testing included assays probing DNA mutations, 
DNA strand breaks and chromosome breaks / disturbance of mitosis. DNA damage 
can lead to cell cycle arrest, thus, the consequences of vanadium oxide treatment for 
cell cycle progression were examined. 
Besides the vanadium oxides, which find only limited application e.g. as catalysts, 
three nanomaterials produced at large scale (carbon black, titanium dioxide, zinc 
oxide) have also been subjected to genotoxicity testing. The population is exposed 
more and more to those nanomaterials e.g. in cosmetics, printer toners or paint; thus, 
knowledge about a possible DNA-damaging capacity is required. Moreover, the 





3.1 Characterization of vanadium oxides 
3.1.1 Metric characterization 
When studying novel nanomaterials, the characterization of their physico-chemical 
properties is essential. This is to be able to compare different studies and moreover, 
to be able to derive possible correlations between observed effects and the 
characteristics of the material. 
  
Fig. 15 Transmission electron micrographs of nano vanadium oxides. 
The TEM images of aqueous preparations of nano V2O3 (at the left) and nano V2O5 (at the right) show 
the needle-like (V2O3) and the rod-like shape (V2O5) of the nanomaterials respectively. Figures of V2O3 




Optical characterization was done by transmission electron microscopy (TEM). TEM 
images (Fig. 15) show needle-like structures of 100 to 1.000 nm in length and an 
average diameter of 25 nm for nano V2O3. The fibers are often found in bundles 
(Worle-Knirsch et al. 2007). Nano V2O5 are rod-like shaped nano-objects of different 
size. They are up to several hundred nanometer in length and usually have a 
diameter of less than 50 nm. Like nano V2O3, the V2O5 nanofibers are often seen as 
agglomerates. 
The spherical diameter of nano V2O3 is approximately 70 nm, the one of nano V2O5 is 
approximately 170 nm (data provided by the manufacturer C. Feldmann). Brunauer-
Emmet-Teller (BET)-analysis yielded a specific surface of 1.9 m2/g for bulk V2O3, 
4.8 m2/g for bulk V2O5 and 74.9 m
2/g for nano V2O3. Thus, the specific surfaces of 
nanomaterials are 15 to 38-fold higher than the specific surfaces of bulk materials. A 
summary of these data can also be found in Tab. 1. 
3.1.2 Solubility of vanadium oxides 
A feature that distinguishes V2O3 and V2O5 is solubility. In literature, the solubility of 
vanadium trioxide in water is given as “hardly soluble, ca. 0.1 g/l” (BGIA GESTIS 
database), whereas the solubility of vanadium pentoxide is 1-8 g/l in water (IARC 
1997), thus at least ten-fold higher than for the trioxide. The solubility of 
nanomaterials in comparison to their bulk counterparts is supposed to be greater, as 
the increased surface to mass ratio facilitates dissolution (Borm et al. 2006). Thus, I 
was interested in probing and comparing the solubility of the four different vanadium 
oxide species (bulk V2O3, nano V2O3, bulk V2O5 and nano V2O5). 
To this end, vanadium oxides were suspended in water and incubated at 37°C. At 
several time points, undissolved material was spun down and an aliquot of the 
supernatant was filtered to remove residual insoluble material. The amount of 
vanadium in the samples was analyzed by inductively coupled plasma optical 
emission spectrometry (ICP-OES). This method is based on the excitation of atoms 
in an argon-plasma. When the excited atoms return to a lower energy state, they emit 
the excess energy as photons of characteristic wavelengths. These spectra can be 
used both to identify elements and to quantify their amount in a sample. 
 
Fig. 16 displays the results of the analysis of the solubility of vanadium oxides over 
time. Solubility of bulk V2O3 is low with approximately 15 mg/l and does not increase 
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over time. In contrast, nano V2O3 was found to have released 30 mg/l soluble 
vanadium oxide species after 3.5 hours, and this increases over time to 
approximately 60 mg/l after 144 hours. Bulk V2O5 starts with approximately 20 mg/l 
and the amount of soluble species increases rapidly to reach finally 130 mg/l. For 
nano V2O5, the concentration after 3.5 hours is already 110 mg/l and goes up to 
nearly 160 mg/l. 
time [h]








































Fig. 16 Solubility of vanadium oxides. 
Bulk and nanoscaled V2O3 and V2O5 (1 mg/ml in H2O) were incubated at 37°C. At several time points, 
the amount of soluble vanadium oxide species in the supernatant was determined by ICP-OES. 
Samples were run in independent duplicates; values are means with standard deviations. 
Thus, solubility is lowest for bulk V2O3, intermediate for nano V2O3 and bulk V2O5 and 
high for nano V2O5. 
To account for the fact that vanadium oxides dissolve over time, a solution of 
vanadium oxide ions, referred to as “vanadate” in this work, has been included into 




3.2 Vanadium oxides are taken up into cells 
Vanadate, which is a structural analogue of phosphate, has been shown to be able to 
enter cells via phosphate transport system II in fungal cells (Bowman 1983) and the 
anion transporter in erythrocytes (Heinz et al. 1982). As I could show the time-
dependent dissolution of vanadium oxide species, I was interested to know if there is 
also vanadate uptake in A549 cells. 
A549 cells were treated with 10 µg/cm2 vanadium oxides for 24 hours, harvested and 
lysed. The vanadium content in the lysate was determined by ICP-OES. To account 
for varying cell numbers, the vanadium content was normalized to the protein content 
of the respective samples. 
Fig. 17 shows that vanadium was found in all samples exposed to vanadium oxides. 
It was 0.1 µg/mg protein for bulk V2O3, ca. 0.25 µg/mg protein for nano V2O3 and bulk 
V2O5, 0.34 µg/mg protein for nano V2O5 and 0.57 µg/mg protein for soluble vanadate. 
Thus, vanadium oxides apparently enter the cell; however, what mechanism or way 
of uptake is involved remains unclear. 
Fig. 17 Uptake of vanadium oxides into cells. 
A549 cells were treated with 10 µg/cm2 of different vanadium oxide species for 24 hours. The 














































3.3 Vanadium uptake is correlated to solubility 
The results of the vanadium uptake experiment suggested a correlation with 
solubility, as treatment with the substance of the lowest solubility (bV2O3) resulted in 
the lowest intracellular vanadium concentration, treatment with soluble vanadate ions 
in the highest intracellular vanadium concentration. 
I plotted the percentage of intracellular vanadium concentrations against the log of 
the percentage of soluble vanadium species at 24 hours. Regression analysis was 
performed using the SigmaPlot software. 
Fig. 18 demonstrates the high correlation between the two parameters; the 
regression coefficient r2 was 0.99. Thus, uptake of vanadium into cells is clearly 
correlated to solubility; the more soluble species are present, the more vanadium is 
found intracellularly. 
soluble vanadium [%]






















Fig. 18 Correlation of vanadium solubility and uptake. 
Vanadium content in A549 cells and solubility of vanadium species were determined using ICP-OES. 
Percentage of vanadium uptake after 24 h in A549 cells was plotted against the log of the percentage 
of soluble vanadium species after 24 h. Regression analysis was performed in SigmaPlot 2002 for 
Windows Version 8.02 (SPSS Inc.). 
3.4 Low vanadium oxide concentrations stimulate proliferation 
Vanadium oxides enter A549 cells - once internalized, what is their effect on cells? 
To answer this question, I examined at first the influence of vanadium oxides on cell 
proliferation. It is known that vanadium oxides exert a biphasic effect on cell 



































































*          * 
effect”), higher concentrations inhibit cell progression or are even cytotoxic 
(Hanauske et al. 1987; Cortizo et al. 1995; Cruz et al. 1995; Rehder et al. 2002). 
To assay cell proliferation, three different methods have been applied: 1. Cell count 
2. Conversion of a redox-indicator dye by mitochondrial reduction in viable and 
proliferating cells (AlamarBlueTM assay) 3. Incorporation of BrdU into the DNA of 
proliferating cells during DNA synthesis and detection of BrdU by an antibody. 
Fig. 19 shows the result of BrdU incorporation as a measure of cell proliferation. 
Insulin as a positive control increased cell proliferation after 24 hours 2.4-fold in 
comparison to control cells. This was statistically significant. A similar, significant 
increase was observed when cells were treated with 1 µg/cm2 bulk V2O3. The other 













Fig. 19 Low concentrations of vanadium oxides induce cell proliferation. 
A549 cells were treated for 24 hours with vanadium oxides (1, 2, 10, 20 µg/cm2). DEG was used as a 
solvent control, insulin (10 µg/ml) as a positive control. Cells were labelled with BrdU. BrdU was 
detected by an antibody catalyzing a colorimetric reaction which was measured photometrically. 
Values are means of four independent experiments with standard deviations. Student’s t-Test was 
performed to determine significant differences (increase) to the control. (*) p<0.05. 
The lowest concentration of the vanadium oxide with the lowest solubility (bV2O3) led 
to a stimulation of proliferation, i.e. low concentrations of soluble vanadium oxide 
displayed a pro-proliferative effect. In contrast, samples which received a higher 
concentration of better soluble vanadium oxides and hence a higher amount of 
soluble vanadate showed decreased cell growth. 
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The results of proliferation analysis by cell count and the AlamarBlueTM assay were 
similar; therefore, data are not shown here. 
3.5 Acute toxicity of vanadium oxides 
For the vanadium oxide bulk substances, it is known that cytotoxicity is low for bulk 
V2O3 due to its low water-solubility (WHO Regional Office for Europe Copenhagen 
2000), whereas bulk V2O5 is cytotoxic at millimolar concentrations (Rehder et al. 
2002). As cytotoxicity apparently is correlated to solubility, and as I observed a higher 
solubility for vanadium oxide nanomaterials than for their bulk counterparts, probing 
and comparing cytotoxicity of the bulk and nanomaterials was the next step. 
Moreover, these experiments were required to figure out non-cytotoxic 
concentrations of the vanadium oxides at which genotoxicity testing could be 
performed. 
As earlier studies of our group revealed that nanomaterials can interfere with viability 
tests and yield false positive results (Worle-Knirsch et al. 2006), three different types 
of tests have been performed: 1. The MTT assay, based upon conversion of a yellow 
tetrazolium salt to insoluble blue formazan-crystals by mitochondrial dehydrogenases 
in viable cells. 2. The XTT assay, similar to the MTT assay, but yielding a water-
soluble orange formazan. 3. The LDH assay, indirectly detecting cytotoxicity via 
leakage of the intracellular enzyme LDH into the medium as a result of disturbed 
membrane integrity in damaged cells. The LDH assay uses as well the conversion of 
a yellow tetrazolium salt to a soluble, red formazan. In all assays, the amount of the 
colorimetric product was analyzed photometrically and served as a measure of cell 
viability/activity. 
The MTT assay showed (Fig. 20) that increasing concentrations of vanadium oxides 
resulted in decreased mitochondrial activity. This was true for all substances tested, 
but to a different extent. The activity of control cells was set to 100%. At the highest 
concentration (62.5 µg/cm2), treatment with bulk V2O3 left 84% activity, treatment with 
nano V2O3 74% activity, treatment with bulk V2O5 58% activity and treatment with 
nano V2O5 38% activity. The concentration at which 50% of mitochondrial activity 
(EC50) was retained was > 62.5 µg/cm
2 for bulk V2O3, nano V2O3 and bulk V2O5, 
31.25 µg/cm2 for nano V2O5 and 20 µg/cm
2 for vanadate. Hence, cytotoxicity 
increased with the solubility of the substance. Furthermore, the MTT assay detected 
the pro-proliferative effect of low vanadium oxide concentrations, too (cellular activity 
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above 100% for 1 and 2 µg/cm2 bV2O3 and bV2O5; for 1 µg/cm
2 nV2O3 and 
vanadate). 
 
Fig. 20 Metabolic activity of cells decreases with increasing vanadium oxide concentrations. 
The MTT assay was performed with A549 cells treated for 24 hours with vanadium oxides at 
concentrations ranging from 1 µg/cm2 to 62.5 µg/cm2. The metabolic activity of control cells was set to 
100%. Values are relative to the control and means with standard deviations from three (3.125, 6.25, 
31.25, 62.5 µg/cm2) or four (1, 2, 10, 20 µg/cm2) independent experiments. Student’s t-Test was 
performed to determine significant differences to control. (a) p<0.05; (b) p<0.01; (c) p<0.001. 
The XTT assay yielded similar results which are not shown. 
 
In contrast to the MTT and the XTT assay which detect metabolic activity, the LDH 
assay probes cell viability via the membrane integrity of the cells. No signs of 
cytotoxicity were observed in the LDH assay after treatment with vanadium oxide 
species for 24 hours (Fig. 21). After 48 hours of treatment, the LDH release showed a 
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Fig. 21 Cytotoxicity of vanadium oxides measured by the LDH assay. 
The LDH assay was performed with A549 cells treated for 24 hours (A) and for 48 hours (B) with 
vanadium oxides at different concentrations (1, 2, 10, 20 µg/cm2). LDH release of control cells was set 
to 1. Values are relative to the control and means with standard deviations from three (24 hours) or 
two (48 hours) independent experiments. Student’s t-Test was performed to determine significant 
differences to control. (*) p<0.05. 
Taken together, cell viability assays based upon metabolic activity responded more 
sensitively to treatment with vanadium oxides; even though, the viability measured by 
the LDH assay showed the same tendency. Vanadium oxides displayed a dose-
dependent cytotoxicity and a correlation of cytotoxicity to the solubility of the 
substance. 
3.6 (Soluble) vanadium oxides generate reactive oxygen species 
Generation of reactive oxygen species (ROS) is one of the major threats to cellular 
integrity. ROS are produced endogenously, e.g. due to electron “leakage” in the 
mitochondrial electron transport chain. For this reason, cells have different 
mechanisms to cope with oxygen radicals. Anti-oxidative substances like glutathione 
or enzymes converting reactive oxygen species into innoxious products (e.g. catalase 
which catalyzes the reaction of hydrogen peroxide to water and oxygen) are 
examples for these protective mechanisms. If the cellular ROS load is elevated 
because of additional production of oxygen radicals by toxic substances or 
irradiation, the cell may loose its capacity to eliminate ROS effectively. In this case, 
called “oxidative stress”, the reactive oxygen species are able to oxidize cellular 
structures, i.e. proteins, lipids or DNA. Oxidative modification of these components 
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Generation of ROS has been shown for vanadium oxides. In particular, hydroxyl 
radicals (·OH), hydrogen peroxide (H2O2) and superoxide anions (·O2
-) are generated 
via enzymatic and Fenton-type reactions (Zhang et al. 2001). The production of 
reactive oxygen species is supposed to be one of the major mechanisms of 
cytotoxicity and genotoxicity of vanadium oxides (Evangelou, 2002). Moreover, for 
nanomaterials, an elevated capacity to produce ROS is suggested because of their 
high surface reactivity. Thus, examination of the ROS production of bulk and nano 















Fig. 22 Soluble vanadium oxides produce reactive oxygen species. 
Vanadium oxides (1, 2, 10, 20 µg/cm2) have been incubated in cell culture medium for 24 hours at 
37°C. H2O2 in medium (0.5 mM) was used as a positive control. Oxidative conversion of non-
fluorescent dihydrorhodamine (DHR) to fluorescent rhodamine was used to measure generation of 
reactive oxygen species. After incubation, 10 µM DHR was added and the samples were incubated for 
another 40 min and then analyzed in the fluoreader. The control was set to 1. Values are relative to 
the control and means with standard deviations of three independent experiments. Significant 
differences to the control were determined by Student’s t-Test: (*) p<0.05; (**) p<0.01. 
To this end, I used the dihydrorhodamine (DHR) assay which detects mainly 
superoxide anion and H2O2 (Emmendorffer et al. 1990; Henderson et al. 1993; Royall 
et al. 1993) and the DCF assay, which detects a wider range of reactive oxygen 
species. Both assays are based upon the oxidative conversion of a dye to a 
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At first, I analyzed the capacity of particles in cell culture medium without cells to 
generate ROS after 24 hours of incubation at 37°C. 
In Fig. 22 a dose-dependent increase in fluorescence, i.e. in the amount of ROS, can 
be seen for nano V2O3, bulk V2O5 and nano V2O5. Statistical significance was 
reached for 10 and 20 µg/cm2 nano V2O3 and 20 µg/cm
2 nano V2O5. Thus, the water-
soluble substances, and in particular the nanomaterials, were able to produce 













Fig. 23 Vanadium oxides lead to generation of ROS in A549 cells. 
A549 cells were exposed to bulk and nano V2O3, V2O5 and vanadate at concentrations of 1, 2, 10 and 
20 µg/cm2 for 24 hours. Oxidative conversion of non-fluorescent dihydrorhodamine (DHR) to 
fluorescent rhodamine was used to measure generation of reactive oxygen species. Hydrogen 
peroxide (0.5 mM) was used as a positive control. Values are relative values (control was set to 1) and 
means of three independent experiments with standard deviations. Significant differences to the 
control were determined by Student’s t-Test: (*) p<0.05; (**) p<0.01 (***) p<0.001. 
Incubation of A549 cells with cell culture medium containing vanadium oxides yielded 
similar results. Fig. 23 shows that all vanadium oxide species included in the test 
produced ROS in cells, but for the poorly soluble bulk V2O3, this was only statistically 
significant (p<0.05 and p<0.01 respectively) at the two highest concentrations (10 
and 20 µg/cm2). In contrast, for the more soluble species, a highly significant 
increase (p<0.001) was observed at 10 µg/cm2 (nano V2O3 and bulk V2O5) or already 
at the lowest concentration (1 µg/cm2) for the well soluble nano V2O5 and vanadate 
ions. Thus, cells treated with vanadium oxides, especially with the well-soluble ones, 
are exposed to reactive oxygen species. 
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The DCF assay confirmed the results of the DHR assay (data not shown). 
3.7 Nano vanadium trioxide, bulk vanadium pentoxide and 
vanadate induce oxidation of DNA bases 
The presence of reactive oxygen species can harm many cellular structures. 
Oxidation of parts of the DNA is especially dangerous, as this can lead to an 
accumulation of mutations. The most common oxidative DNA lesion is 8-oxo-guanine 
(8-oxo-G). Guanine usually pairs with cytosine via three hydrogen bonds; however, 8-
oxo-guanine is additionally able to pair with adenine via two hydrogen bonds. If this 
lesion is not recognized and repaired before DNA synthesis, thymine will be 
incorporated into the newly synthesized strand opposite to the “wrong” adenine. 
Consequence is a G:C to T:A transversion (Shibutani et al. 1991). 
As I observed the generation of reactive oxygen species after exposure of cells to 
vanadium oxides, the question was if these oxygen radicals affected the DNA. A 
FITC-coupled probe specific for 8-oxo-guanine was used to detect 8-oxo-G and to 
analyze its amount by flow cytometry. 
 
 
Fig. 24 Detection of 8-oxo-G in cells treated with vanadium oxides by a FITC-coupled probe. 
A549 cells were grown in chamber slides, treated with DEG as a control (A) and bulk V2O5 (2 µg/cm
2) 
(B) for 24 hours, fixed with 4% PFA and stained with a fluorescent probe. Fluorescence was analyzed 
with the DM IRE2 microscope. Magnification: 630x. 
At first, cells were grown, treated, fixed and stained in chamber slides to examine the 
staining pattern of the FITC-coupled 8-oxo-guanine probe. Fig. 24 shows a modest 
staining in the nuclear region in control cells. 
It has been shown that vanadium(IV), which is generated by intracellular reduction of 




expected an increased amount of 8-oxo-G in cells treated with bulk vanadium 
pentoxide. Indeed, in cells exposed to bulk vanadium pentoxide, the staining is 
brighter, in particular in the nucleolar region (which contains an especially high 
content in guanine (Willems et al. 1968)). (Moreover, the cytoplasm is also 
fluorescing more than in control cells. The reason for this cytoplasmic staining may 
be that reactive oxygen species oxidize bases in the RNA as well and that oxidized 
RNA bases are recognized by the probe, too.) 
 
 
Fig. 25 Changes in 8-oxo-G content after treatment with vanadium oxides. 
A549 cells were treated as indicated (positive control 180 J/cm2 UVA, vanadium oxides: 2 µg/cm2) for 
24 hours, then harvested, fixed and stained with a fluorescent probe specific for 8-oxo-guanine. 
Fluorescence was analyzed by flow cytometry. Overlays of two histograms are shown. Blue: control 
cells; green: treated cells. 
To quantify the amount of 8-oxo-guanine in cells treated with different vanadium 
oxide species, cells stained with the probe were analyzed by flow cytometry. In 
Fig. 25, the results of one representative experiment are shown. A shift to the right in 
comparison to untreated, stained control cells indicates an increase in fluorescence 
and thus in 8-oxo-G content, a shift to the left a decrease. An increase in 8-oxo-G 
was found for the positive control UVA, nano V2O3, bulk V2O5 and vanadate. It was 
particularly strong for nano V2O3 and bulk V2O5. For bulk V2O3 and nano V2O5, a 
decrease was observed, which was pronounced for the trioxide and moderate for the 
nano pentoxide. 
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To determine the difference between control and treated cell populations, the 
Kolmogorov-Smirnov statistics included in the CellQuestPro software was applied. 
This is a two-sample test which determines if two overlaid histograms come from 
different populations. The calculation computes the summation of the curves and 
finds the greatest difference between the summation curves. The resulting value 
D/s(n) is a measure for the difference of two overlaid histograms. The bigger D/s(n), 














Fig. 26 Analysis of the 8-oxo-G content in cells treated with vanadium oxides. 
A549 cells were treated with vanadium oxides (1 µg/cm2 or 2 µg/cm2) for 24 h and stained with a 
FITC-coupled probe for 8-oxo-guanine. UVA irradiation (180 J/cm2) was used as positive control. 
Fluorescence was measured by flow cytometry. Kolmogorov-Smirnov-Statistics (provided with 
CellQuestPro software, BD Biosciences) was performed to determine the difference in fluorescence of 
two differently treated cell populations. The D/s(n) value is a measure for the difference of the control 
and the treated population. Shifts to the right were set as positive values, shifts to the left as negative 
values. Mean values with standard deviations of three independent experiments are shown in the 
graph. If the mean value minus standard deviation was >5, this was considered as significantly 
different from the control (untreated cells) (*). 
I calculated the mean D/s(n) of three independent experiments. Shifts to the left were 
set as negative values, shifts to the right as positive values. I assumed a significant 
difference between control and treated cells if the mean value minus the standard 
deviation was >5. 
The results are displayed in Fig. 26. There is a significant difference between 
untreated control cells and cells treated with 2 µg/cm2 nano V2O3, bulk V2O5 and 1 
and 2 µg/cm2 vanadate, but not for treatment with bulk V2O3 and nano V2O5. Thus, 
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the soluble and ROS-producing vanadium oxides induce oxidation of guanine, with 
exception of nano V2O5. The latter is rather surprising, as nano V2O5 generated ROS 
in comparable amounts to the other substances (nano V2O3, bulk V2O5, vanadate) 
but this did apparently not lead to an increase in 8-oxo-G content. 
3.8 Nano vanadium trioxide and bulk vanadium pentoxide induce 
DNA strand breaks 
Besides being mutagenic, oxidative DNA lesions can also lead to strand breaks. If a 
repair enzyme such as oxo-guanine-glycosylase (OGG1) excises 8-oxo-G, an abasic 
site results (Krokan et al. 1997), which can lead to a DNA single strand break 
(reviewed in (Boiteux et al. 2004)). Hence, as I observed an increase in the content of 
8-oxo-G in the DNA after treatment with some vanadium oxides, I was interested if 
strand breaks occur in cells exposed to vanadium oxides. 
The alkaline comet assay, also called single cell gel electrophoresis, was performed. 
This method detects DNA strand breaks and alkalilabile sites. Cells are embedded 
into an agarose gel, lysed and DNA is subjected to an electrical field. The bulky 
genomic DNA merely migrates, but DNA fragments derived from strand breaks move 
due to their negative charge towards the cathode. A comet-like structure is formed, 
with a “head” (undamaged, non-migrating DNA) and a “tail” (DNA fragments 
migrating towards the cathode). The DNA is stained and analyzed by fluorescence 
microscopy. The “Viscomet” software was used to determine “head intensity” and “tail 
intensity”, i.e. the percentage of DNA in the head or the tail. The tail intensity served 
as a measure of DNA damage. 
For time-points earlier than 24 hours (6 hours and 14 hours), no increase in tail 
intensity was observed after treatment with vanadium oxides (data not shown). 
After 24 hours (Fig. 27), treatment with 2 µg/cm2 nano V2O3 resulted in a statistically 
significant increase in tail intensity (5% in contrast to 2% for untreated controls). 
Treatment for 36 hours showed even more elevated tail intensities. The tail intensity 
was 15 % for 2 µg/cm2 nano V2O3, 7% for 1 µg/cm
2 and 12% for 2 µg/cm2 bulk V2O5. 
After 48 hours, tail intensity in these samples increased further to 20% (2 µg/cm2 
nano V2O3), 9% (1 µg/cm
2 bulk V2O5) and 12% (2 µg/cm
2 bulk V2O5). Thus, treatment 
with nano V2O3 and bulk V2O5 led to a considerable amount of DNA strand breaks, 





Fig. 27 Nano V2O3 and bulk V2O5 induce strand breaks in A549 cells.  
A549 cells were exposed to vanadium oxides (1 and 2 µg/cm2) for 24, 36 and 48 hours. Methyl 
methanesulfonate (MMS, 1 mM) was used as a positive control. An alkaline comet assay was 
performed to measure the amount of DNA strand breaks (tail intensity indicates percentage of DNA in 
the tail of the comet). Samples were run in duplicates; per slide, 50 cells were analyzed blinded. 
Values are means of at least two independent experiments with standard deviations (n=4 for controls). 
Significant differences to the control were determined by Student´s t-Test: (*) p<0.05; (**) p<0.01; (***) 
p<0.001. 
3.9 No induction of micronuclei by vanadium oxides 
After having observed the strand-breaking capacity of several vanadium oxides in the 
comet assay, I wanted to examine the genotoxicity of vanadium oxides by another 
common genotoxicity test. 
The micronucleus test is a genotoxicity test which detects DNA damage at the 
chromosomal level. Micronuclei are due to chromosomal breaks or lagging 
chromosomes (which occur because of aberrations in the centromeric region or 
disturbance of the mitotic spindle and chromosome separation). Correlation of an 
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Thus, the micronucleus test is one of the most important tests used in genotoxicity 
testing (Fenech 2000). Besides the induction of micronuclei which serves as a 
measure for the genotoxic potential of a substance, numerous other parameters can 
be scored. Examples are the frequency of apoptotic cells (pointing to induction of 
apoptosis), the frequency of mitotic cells and the nuclear division index (showing 
possible effects on cell proliferation and mitosis), the number of nucleoplasmatic 
bridges (a sign for chromosomal rearrangements). Scoring of these additional 
parameters gives a comprehensive view of the (geno)toxic effects of a substance. 
During the first run, I used to score the number of mono-, bi- and polynucleated cells 
and the number of apoptotic and mitotic cells. The nuclear division index (NDI) was 
calculated according to the formula given in (Fenech et al. 2003): NDI = (M1 + 2M2 + 
3M3 + 4M4)/N, where M1–M4 represent the number of cells with 1 to 4 nuclei and N is 
the total number of viable cells scored. In my samples, tri- or tetranucleated cells 
occurred very rarely (<0.1%), thus the NDI reflects basically the ratio of mono- to 
binucleated cells. An NDI of 1 means that no cell division has occurred, whereas an 
NDI of 2 means all cells have accomplished one cell division. 
For control cells, the NDI was 1.7, i.e. the sample contained approximately 70% 
binucleated and 30% mononucleated cells (Fig. 28). All samples treated with 
vanadium oxides (except 2 µg/cm2 bulk V2O5) yielded a similar NDI, thus, treatments 
showed no cytostatic effect. The decrease in NDI for bulk V2O5 (1.45) was 
comparable to that of MMS (1.53), a DNA-alkylating substance which is known to 
have a cytostatic potential. 
The frequency of apoptotic and mitotic cells was approximately 2.5% for both 
parameters in control cells. In treated cells, these values varied, but never reached 

























































Fig. 28 Effect of vanadium oxides on cell division in the micronucleus test. 
A549 were grown and treated for 24 hours in 4-well chamber slides with vanadium oxides (1 and 
2 µg/cm2), MMS (150 µM) as a positive control or DEG as a solvent control. Simultaneous incubation 
with cytochalasin B (4 µg/ml for 24 hours) was used to induce binucleated cells. Cells were fixed with 
ethanol and stained with acridinorange. The number of mono-, bi- and polynucleated cells was scored 
blinded and the nuclear division index (NDI) calculated. Values are means of three or six (controls) 
independent experiments with standard deviations. Student’s t-Test was performed to determine 
significant differences from the control. (*) p<0.05. 
 
Fig. 29 No induction of apoptosis or mitosis by vanadium oxides in the micronucleus test. 
A549 were grown and treated for 24 hours in 4-well chamber slides with vanadium oxides (1 and 
2 µg/cm2), MMS (150 µM) as a positive control or DEG as a solvent control. Simultaneous incubation 
with cytochalasin B (4 µg/ml for 24 hours) was used to induce binucleated cells. Cells were fixed with 
ethanol and stained with acridinorange. The number of apoptotic (A) or mitotic (B) cells were scored 
blinded. Values are means of three or six (controls) independent experiments with standard 

















































































































Fig. 30 No induction of micronuclei by vanadium oxides. 
A549 were grown and treated for 24 hours in 4-well chamber slides with vanadium oxides (1 and 
2 µg/cm2), MMS (150 µM) as a positive control or DEG as a solvent control. Simultaneous incubation 
with cytochalasin B (4 µg/ml for 24 hours) was used to induce binucleated cells. Cells were fixed with 
ethanol and stained with acridinorange. The number of binucleated cells and the number of 
binucleated cells with micronuclei was scored blinded. Values are means of three or six (controls) 
independent experiments with standard deviations. Student’s t-Test was performed to determine 
significant differences from the control. (**) p<0.01. 
In the second run, the numbers of binucleated cells in total and those containing one 
or more micronuclei were scored. Control cells showed a frequency of roughly 2% 
micronucleated cells (18.5 binucleated cells with micronuclei in 1.000 binucleated 
cells) (Fig. 30). Treatment with the positive control MMS increased the number of 
micronucleated cells to 35 per 1.000 binucleated cells, which was statistically 
significant (p<0.01). In cells treated with vanadium oxides, no statistically significant 
induction of micronuclei was observed. Only treatment with 2 µg/cm2 of bulk V2O5 
elevated the number of cells with micronuclei to 25 per 1.000 cells; however, this is 
statistically not significantly different from control cells. 
To sum up the results of the micronucleus test, no significant genotoxic potential was 
observed for vanadium oxides. At the most, there was a tendency for bulk V2O5 to 
affect cell division and DNA integrity, shown as a decrease in the NDI and a slight 






























































3.10  Soluble vanadium oxides change nuclear morphology and 
mitosis 
During scoring for the micronucleus test, I observed cells which displayed a strange 
nuclear morphology (see Fig. 31). Their nuclei looked segmented, with segments 
connected by structures resembling nucleoplasmatic bridges. There seemed to be 
different stages of this morphology; cells with segmented nuclei which were still 
distinguishable as two nuclei (upper row), and cells whose nucleus or nuclei 
resembled the petals of a flower (lower row). I started scoring these remarkable 
structures, too, in order to see if they were related to any treatment. 
 
 
Fig. 31 Altered nuclear morphology in cells treated with vanadium oxides. 
A549 cells were grown and treated in 4-well chamber slides with vanadium oxides (1 and 2 µg/cm2) for 
24 hours. Simultaneous incubation with cytochalasin B (4 µg/ml for 24 hours) was used to induce 
binucleated cells. Cells were fixed with ethanol and stained with acridinorange and analyzed using 




















Fig. 32 Soluble vanadium oxides increase the number of cells with segmented nuclei. 
A549 cells were grown and treated for 24 hours in 4-well chamber slides with vanadium oxides (1 and 
2 µg/cm2). Simultaneous incubation with cytochalasin B (4 µg/ml for 24 hours) was used to induce 
binucleated cells. Cells were fixed with ethanol and stained with acridinorange and analyzed using 
fluorescence microscopy. The number of cells with segmented nuclei was scored blinded. Values are 
means of three independent experiments with standard deviations. Student’s t-Test was performed to 
determine significant differences from the control. (*) p<0.05; (**) p<0.01; (***) p<0.001. 
Fig. 32 shows the results of this scoring: An altered nuclear morphology was found in 
16 of 1.000 cells of untreated control cells. In cells exposed to MMS, less then 5 cells 
in 1.000 looked changed. Bulk V2O3 displayed control levels, but nano V2O3, bulk 
V2O5, nano V2O5 and vanadate increased the number of cells with segmented nuclei 
4 to 7-fold to up to 9% of the total cell number. With exception of 2 µg/cm2 bulk V2O5 
and 1 µg/cm2 vanadate, these values were statistically highly significant. Thus, the 
soluble vanadium oxide species were apparently able to induce a change in nuclear 
morphology. 
Moreover, I also remarked numerous mitotic cells which showed unusual 
chromosomal arrangements (see Fig. 33). Hence, the presence of vanadium oxides 
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Fig. 33 Irregular mitosis in cells treated with vanadium oxides. 
A549 cells were grown and treated for 24 hours in 4-well chamber slides with vanadium oxides (1 and 
2 µg/cm2) or DEG as a solvent control. Simultaneous incubation with cytochalasin B (4 µg/ml for 
24 hours) was used to induce binucleated cells. Cells were fixed with ethanol and stained with 
acridinorange and analyzed using fluorescence microscopy. (A) Regular metaphase in control cells. 
(B) Regular anaphase in control cells. (C and D) irregular mitosis in treated cells. Arrows: Cells 
undergoing mitosis. Magnification 630x. 
3.11  Nano vanadium trioxide, bulk vanadium pentoxide and 
vanadate induce cell cycle arrest 
Finally, I was interested in the cellular consequences of the oxidative DNA damage 
caused by nano V2O3 and bulk V2O5. If 8-oxo-guanine is not excised from the DNA 
before replication, mutagenic G:C to T:A transversions can occur (Shibutani et al. 
1991). Furthermore, strand breaks also have to be repaired before a cell is allowed to 
progress in cell cycle. Arresting the cell cycle before mitosis enables the cell to repair 
the DNA. It has been reported that vanadate induced a G2/M arrest in A549 cells 
(Zhang et al. 2001; Zhang et al. 2003). To see if this was also the case for the 
vanadium oxides used in this study, a cell cycle analysis was performed. 
Cellular DNA levels change during cell cycle: It is 1n during G0/G1 phase, increases 





is 1n for every daughter cell. Staining of the DNA with a fluorescent dye makes it 
possible to analyze the cellular DNA content and thus the distribution of cell cycle 
phases in a cell population. 
 
Fig. 34 Nano V2O3, bulk V2O5 and vanadate induce cell cycle arrest. 
A549 cells were exposed to 2 and 10 µg/cm2 of vanadium oxides for 24 hours. Cells were fixed and 
stained with DAPI. DAPI fluorescence is proportional to DNA content and was analyzed by flow 
cytometry. Different cell cycle phases are characterized by different DNA content: 1 n in G0/G1 phase, 
2 n in G2/M phase and 1-2n in S-Phase. Colchicin (25 µM) was used as a positive control for G2/M 
arrest. Values are means of at least three independent experiments with standard deviations. 
Significant differences to the control were determined by Student´s t-Test: (**) p<0.01; (***) p<0.001. 
 
Fig. 34 shows the distribution of cells in G0/G1 phase, G2/M phase and S-phase 
after different treatments. In control cells, 60% of the cells are in G0/G1 phase, and 
each approximately 20% in G2/M and S-phase. This distribution is unchanged in cells 
treated with bulk V2O3. After exposure to nano V2O3 and bulk V2O5, the fraction of 
cells in G2/M is markedly increased at the expense of cells in G0/G1. These changes 
were statistically significant for both concentrations of nano V2O3 and bulk V2O5. For 
10 µg/cm2 vanadate, there were also significant alterations in the cell cycle, but the 
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phase was particularly increased. Thus, after exposure to certain vanadium oxides, a 
G2/M arrest occurs. 
3.12  No induction of DNA strand breaks by TiO2, CB and ZnO 
nanoparticles 
To compare the effects of the different vanadium oxides with particles made from 
other materials, the genotoxic potential of Carbon Black, TiO2 and ZnO nanoparticles 
was examined. In contrast to vanadium oxide nanomaterials which find only limited 
application these particles are produced and used at large scale in more and more 
products of everyday-life (e.g. cosmetics, printer toners, paint). Thus, knowledge of a 
possible genotoxicity is required to prevent threats to human health. 
The comet assay was performed for the three nanomaterials. Tail intensities after 24 
and 48 hours were examined. Fig. 35 shows no statistically significant increase in tail 
intensities for any of the nanoparticles. Thus, Carbon Black, TiO2 and ZnO do not 




Fig. 35 No induction of DNA strand breaks by TiO2, CB and ZnO nanoparticles. 
A549 cells were treated for 24 and 48 hours with TiO2, CB (concentrations were 0.5, 5 and 25 µg/cm
2) 
or ZnO (0.5, 5 and 10 µg/cm2) or left untreated. Methyl methanesulfonate (MMS, 1 mM) was used as a 
positive control. An alkaline comet assay was performed to measure the amount of DNA strand breaks 
(tail intensity indicates percentage of DNA in the tail of the comet). Samples were run in duplicates; 
per slide, 50 cells were analyzed blinded. Values are means of three independent experiments with 
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3.13  No induction of micronuclei by TiO2 
The micronucleus test was performed with TiO2 nanoparticles. TiO2 nanoparticles are 
used for example in sunscreens.  
 Fig. 36 Treatment with TiO2 induces no changes in micronucleus test parameters. 
A549 cells were exposed to TiO2 (0.5, 5 and 25 µg/cm
2) for 24 hours or left untreated. Methyl 
methanesulfonate (MMS, 150 µM) was used as a positive control. Simultaneous incubation with 
cytochalasin B (4 µg/ml for 24 hours) was used to induce binucleated cells. Cells were fixed with 
ethanol and stained with acridinorange. Scoring was performed blinded. Values are means of three 
independent experiments with standard deviations. Student’s t-Test was performed to determine 
significant differences from the control. (**) p<0.01. 
Fig. 36 shows that TiO2 slightly reduced the nuclear division index (NDI) in 
comparison to control cells, which had a NDI of 1.75. It was 1.65 for 0.5 and 5 µg/cm2 
TiO2 and 1.72 for 25 µg/cm
2 TiO2. The frequency of micronuclei in all concentrations 
tested was slightly increased (control: 0.8%; 0.5 µg/cm2: 1.3%; 5 µg/cm2 1.5%; 
25 µg/cm2: 1.2%), but without reaching statistical significance. The number of 
apoptotic and mitotic cells were comparable to control levels. Thus, TiO2 is not 
genotoxic in the micronucleus test.  
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3.14  Carbon black nanoparticles induce micronuclei at high 
concentrations 
The micronucleus test was performed with CB nanoparticles. Carbon black finds 
application in printer toners or as additive for tires. 
Fig. 37 Carbon black induces micronuclei. 
A549 cells were exposed to carbon black (CB) (0.5, 5 and 25 µg/cm2) for 24 hours or left untreated. 
Methyl methanesulfonate (MMS, 150 µM) was used as a positive control. Simultaneous incubation 
with cytochalasin B (4 µg/ml for 24 hours) was used to induce binucleated cells. Cells were fixed with 
ethanol and stained with acridinorange. Scoring was performed blinded. Values are means of three 
independent experiments with standard deviations. Student’s t-Test was performed to determine 
significant differences from the control. (*) p<0.05; (**) p<0.01. 
Fig. 37 shows that the highest concentration of CB (25 µg/cm2) significantly reduced 
the NDI (control: 1.75, 25 µg/cm2 CB: 1.64). Moreover, the number of micronucleated 
cells increased in a dose-dependent manner. At the highest concentration, the 
micronucleus frequency was more than 2-fold higher than in control cells (control: 
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and mitotic cells did not deviate significantly from control levels. Thus, carbon black 
apparently holds a genotoxic potential at high concentrations. 
3.15  No induction of micronuclei by ZnO nanoparticles  
Like TiO2, ZnO nanoparticles are used in sunscreens. The micronucleus test was 
performed for these particles as well.  
 
Fig. 38 Treatment with ZnO induces no changes in micronucleus test parameters. 
A549 cells were exposed to ZnO (0.5, 5 and 10 µg/cm2) for 24 hours or left untreated. Methyl 
methanesulfonate (MMS, 150 µM) was used as a positive control. Simultaneous incubation with 
cytochalasin B (4 µg/ml for 24 hours) was used to induce binucleated cells. Cells were fixed with 
ethanol and stained with acridinorange. Scoring was performed blinded. Values are means of three 
independent experiments with standard deviations. Student’s t-Test was performed determineignificant 
differences from the control. (*) p<0.05; (**) p<0.01.  
Fig. 38 shows that the NDI was slightly decreased for treatment with 0.5 µg/cm2 ZnO. 
The number of micronucleated cells was slightly increased in all concentrations 
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number of apoptotic and mitotic cells were comparable to control levels. Thus, ZnO 




Exposure of humans to novel nanomaterials is growing faster than the knowledge 
about possible adverse health effects. However, studies about the effects of airborne 
particulate matter suggest negative consequences for human health. An increase of 
30 µg/m3 particulate matter of a size of 2.5 µm (PM2.5) resulted in 0.9% higher 
general mortality of respiratory causes; death from specific respiratory diseases 
showed even an increase of 2.7% (Borm et al. 2004). But even besides death as the 
“worst case”, numerous adverse health effects have been observed. Inflammatory 
reactions are common. Moreover, alterations of blood coagulation and impairment of 
heart function have been reported (Peters et al. 1997a; Peters et al. 1997b; Gold et 
al. 2000; Peters et al. 2000; Donaldson et al. 2001; Ghio et al. 2001; Peters et al. 
2001a; Peters et al. 2001b; Duggen 2004). Susceptible individuals, such as 
arteriosclerosis patients, asthmatics or persons suffering from chronic obstructive 
pulmonary disease (COPD) are particularly affected by exacerbation of their 
symptoms and mortality of respiratory and cardiovascular causes (Donaldson et al. 
2001). 
Furthermore, lung cancer incidence increased by 8% per 10 µg/m3 PM10 (Pope et al. 
2002). The molecular mechanisms of tumorigenesis induced by particulate matter 
have been studied. It was concluded that the inhalation of particles induced 
inflammatory reactions associated with oxidative stress that lead to DNA damage and 
cancer formation (Borm et al. 2004). Comparison of the effects of particles (Al2O3, 
CoCr, TiO2, Ga2O3) of a larger size (“fine” or micronsized material) with 
nanomaterials of the same chemical composition suggests that the elevated DNA 
damage is size-related and stronger for nanosized material (Webb et al. 1986; Wolff 
et al. 1988; Gurr et al. 2005; Oberdorster et al. 2005; Papageorgiou et al. 2007; 
Balasubramanyam et al. 2009). Oberdörster showed that inhalation of aggregated 
ultrafine TiO2 and carbon black induced lung tumors in rats at considerably lower 
gravimetric lung burdens than larger sized TiO2 (Oberdorster et al. 1994; Oberdorster 
1996). Here again, the reason is supposed to be the higher inflammogenic potential 
of ultrafine particles (Oberdorster et al. 1994; Oberdorster 1996; Monteiller et al. 
2007). 
However, other mechanisms could furthermore be responsible for an increased 
genotoxic potential of nanomaterials: The higher surface reactivity of nanomaterials 
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leads to the production of reactive oxygen species that can oxidatively damage the 
DNA (Nel et al. 2006). Moreover, nanoparticles might access cellular organelles and 
directly bind to proteins or the DNA, hence inhibiting and impairing their function 
(Borm et al. 2004; Donaldson et al. 2004; Kreyling et al. 2004). Leaching of toxic 
metal ions from nanomaterials (Borm et al. 2006; Pickrell et al. 2006; Franklin et al. 
2007) or the introduction of volatile genotoxic compounds into the alveolar region as 
“blind passengers” adsorbed to the inhaled nanomaterial (Schins 2002; Balbus et al. 
2007) might also expose lung cells to genotoxic attacks. 
In the past years, genotoxicity testing of nanomaterials attracted more and more 
notice. Studies were mainly focusing on nanomaterials produced at large scale such 
as TiO2 or carbon black. Results were often ambiguous. For example, TiO2 was 
found to induce DNA damage in studies by Gurr et al. and Wang et al. (Gurr et al. 
2005; Wang et al. 2007a). Dunford et al. and Nakagawa et al. reported genotoxicity 
only after illumination (“photogenotoxicity”) (Dunford et al. 1997; Nakagawa et al. 
1997). Other authors observed no genotoxic effects at all (Theogaraj et al. 2007; 
Warheit et al. 2007). Genotoxicity data for more “exotic” nanomaterials are scarce. In 
general, the underlying mechanisms for toxicity and genotoxicity of nanomaterials are 
still poorly understood. However, tumorigenesis is a long-term process which occurs 
often decades after exposure to a carcinogen. Thus, knowledge about the genotoxic 
potential of the many novel nanomaterials is urgently required to prevent future 
threats to the health of producers and consumers of nanomaterials, as well as 
unwillingly and incidentally exposed individuals, including animals and plants. 
This work aims at increasing the current knowledge about the genotoxic potential of 
nanomaterials. I compared the DNA damaging capacities of different nanomaterials 
(vanadium oxides, carbon black, TiO2, ZnO) and of different sizes (bulk and 
nanomaterial of vanadium oxides) in the comet assay and the micronucleus test. As 
oxidative stress is supposed to be an important mediator of genotoxicity, ROS 
production and oxidative modification of DNA bases have been analyzed as well. 
Moreover, to get insight into toxicological mechanisms, I determined the physico-
chemical properties and examined the different vanadium oxides for acute toxicity 
and effects on cell proliferation. 
Inhalation is the most important way of exposure to nanomaterials; hence, a human 
alveolar epithelial cell line (A549) was chosen as a model system. The advantage of 
an in vitro study in contrast to in vivo studies is – besides financial and ethical 
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reasons - the reduced complexity and enhanced reproducibility of a cell system, 
which is favorable when looking for basic working principles and mechanisms. In 
case of positive results, an in vivo follow-up is certainly required to correctly assess 
the risk for humans. But this was beyond the aim of this work, which was to examine 
the genotoxic potential of nanomaterials with standard genotoxicity tests and to 
derive mechanistic conclusions which could serve as a hypothesis for further in vivo 
experiments. 
4.1 Solubility for different vanadium oxides differs: higher 
solubility for nanomaterials 
When working with novel nanomaterials, characterization of their physico-chemical 
properties is required to be able to compare the results to other studies, and in 
particular, to be able to find possible correlations between physico-chemical 
characteristics and biological effects. Such correlations can be helpful to predict the 
toxicological behavior of unknown novel substances with similar properties. 
Thus, the novel vanadium oxide nanomaterials used in this study were characterized 
with regard to metrics and specific surface (for results, see Tab. 1). The specific 
surfaces of nanomaterials were considerably (15 to 38-fold) higher than the specific 
surfaces of bulk materials. Another property which also changes due to reduction in 
size, but which until now is rarely considered in toxicological studies, is solubility 
(compare Report of the Nanokommission 2008). As a consequence of their increased 
specific surface and the elevated surface reactivity, nanomaterials are supposed to 
dissolve faster and to a higher extent than the corresponding bulk material (Borm et 
al. 2006). Moreover, the two bulk vanadium oxide species used in this work 
(vanadium trioxide and vanadium pentoxide) are known to have a different water 
solubility: Vanadium trioxide is poorly soluble, ca. 0.1 g/l in water (BGIA GESTIS 
database), whereas vanadium pentoxide displays a solubility of 1-8 g/l in water (IARC 
2006). Hence, bulk vanadium pentoxide is approximately 10 to 80-fold more soluble 
than bulk vanadium trioxide. Thus, probing the solubility of the four different 
vanadium oxides (bulk and nano V2O3 and V2O5 respectively) seemed interesting 
and important, as different solubilities were expected. Fig 16 shows that the water 
solubility at 37°C over time was indeed different for the four vanadium oxide species: 
As expected, the solubility of the pentoxide was approximately 10 times higher than 
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for vanadium trioxide, and the nanomaterials displayed an increased solubility in 
comparison with the bulk material. 
Higher solubility for nano versus bulk materials has also been reported for MgO 
(Pickrell et al. 2006) and for ZnO (Franklin et al. 2007). 
After 24 hours of incubation (which was the most frequently used time point in the 
biological experiments), 1% (bulk V2O3), 5% (nano V2O3), 6% (bulk V2O5) and 14% 
(nano V2O5) of the total vanadium oxide had dissolved. In the biological experiments, 
these percentages are most likely somewhat higher. This is because of two reasons. 
Firstly, for the solubility analysis, 1 mg vanadium oxide in 1 ml water has been used, 
i.e. a concentration of 1 mg/ml, which is approximately 1.000-fold higher than the 
concentrations used in biological experiments (concentrations were in the µg/ml 
range: 1 µg/cm2 in a 6-well of a surface of 9.6 cm2 with 2 ml medium corresponds to 
5 µg/ml). A lower concentration of a substance facilitates dissolution: The 
concentration of the substance in the solvent is and remains low; thus, the diffusion 
gradient is very steep. Dissolved molecules hence diffuse very rapidly from the 
diffusion layer surrounding the dissolving substance into the solvent, and 
subsequently, new molecules have the possibility to dissolve (Borm et al. 2006). For 
higher concentrations, the driving force of the diffusion gradient decreases gradually 
when approaching the equilibrium concentration in the solvent; the dissolution 
process slows down. 
Secondly, it has to be considered that vanadium oxides are up to 8 times better 
soluble in “artificial biological fluids”, e.g. in cell culture medium than in water (Toya et 
al. 2001). Hence, when using cell culture medium to dissolve vanadium oxides, the 
amount of soluble species might be even higher. However, the order of solubility 
(bulk V2O3 < nano V2O3 < bulk V2O5 < nano V2O5) and the relative amount of 
dissolved vanadium oxides should stay the same. 
 
To account for the fact that vanadium oxides dissolve, a solution of vanadium oxide 
ions, referred to as “vanadate” in this work, has been included into the biological 
experiments to be able to assess the effect of soluble species separately and to 
compare it to the samples where vanadium oxides were present both undissolved 
and as ions. 
The usage of the term “vanadate” may be misleading insofar as it suggests the 
presence of a single ionic species. However, solution chemistry of vanadium oxides 
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is complex. Depending on the pH and the concentration, numerous species of 
vanadium oxide ions occur: Tetravalent vanadyl (VO2+) and pentavalent vanadate 
(HVO4
-, VO3
- and / or H2VO4
-) are the most common monomeric species. At higher 
concentrations (above 0.1 mM at pH 7), polymerization occurs up to hexamers. 
Acidic solutions harbor even decamers (Gordon 1991; Crans 1994; Djordjevic et al. 
1995; Morinville et al. 1998; Evangelou 2002). The vanadate solution which I 
prepared from dissolution of bulk V2O5 had a concentration of 306 µg/ml 
(corresponding to 2.6 mM H2VO4
-), was acidic and of yellow color. This suggests the 
presence of decameric vanadate. For biological experiments, the vanadate solution 
was diluted in cell culture medium. These dilutions did not exceed neutral pH. The 
return to neutral pH induces the depolymerization of vanadate decamers, even 
though, this is a rather slow process (Evangelou 2002). Thus, the effects observed 
after treatment with “vanadate” cannot easily be attributed to a specific vanadium 
oxide species. But I decided to use this slightly elusive mixture instead of e.g. a 
sodium orthovanadate solution, as the variation of species is probably also occurring 
in the dissolution process during incubation of cells with undissolved vanadium 
oxides. This seems to be appropriate, as Crans suggested likewise for enzyme 
inhibition studies that “measuring the effects must be carried out in an equilibrium 
mixture containing the other vanadate oligomers” (Crans 1994). 
4.2 Uptake of vanadium into A549 cells is correlated to solubility 
A substance which is unable to pass the cell membrane has only limited possibilities 
to disturb cellular integrity (e.g. via external production of reactive oxygen species or 
binding to membrane receptors). In contrast, if a substance gains access to the 
cytoplasm and / or the cellular organelles, it can affect cellular structures or inhibit 
enzymes and important metabolic processes. I was thus interested in knowing if 
vanadium oxides enter A549 cells. Incubation of cells with 10 µg/cm2 vanadium 
oxides for 24 hours and subsequent analysis of the soluble fraction of a cell lysate by 
ICP-OES showed an uptake of 0.1 µg V/mg protein for bulk V2O3; ca. 0.25 µg V/mg 
protein for nano V2O3 and bulk V2O5, 0.34 µg V/mg protein for nano V2O5 and 
0.57 µg V/mg protein for vanadate. Thus, vanadium oxide species were obviously 
able to enter the cells. For vanadate, which is a structural analogue of phosphate, 
transmembrane transport has been shown via phosphate transport system II in 
fungal cells (Bowman 1983) and the anion transporter in erythrocytes (Cantley et al. 
Discussion 
82 
1978b; Heinz et al. 1982; Yang et al. 2003). For A549 cells, the possible uptake 
mechanism is unknown. But phosphate is essential to all cells and every cell type 
requires phosphate transporting systems which might also transport vanadate. 
Hence, uptake via anion transporters is plausible, a fortiori as diffusion through the 
membrane is hardly possible for charged vanadate ions (Yang et al. 2003). 
Moreover, it is conceivable that the dissolved vanadium oxide species not only enter 
lung epithelial cells, but also other cell types in the lung, such as macrophages, and 
consequently gain access to further compartments of the body. Thus, inhalative 
exposure to soluble nanomaterials may result in distribution of toxic ions all over the 
body. 
It was striking that the vanadium content was the lowest in cells treated with the 
poorly soluble bulk V2O3, intermediate for substances with intermediate solubility and 
the highest for the vanadate solution. Plotting of the percentage of soluble vanadium 
oxides at 24 hours against the log of the percentage of vanadium uptake showed a 
strong correlation (r2= 0.99) of the two parameters. It is therefore well conceivable 
that dissolution precedes uptake – i.e. only dissolved vanadate is able to enter the 
cells. Nevertheless, another possible explanation could be that vanadium oxides are 
taken up and dissolved intracellularly. Undissolved vanadium oxide should in this 
case be found in the pellet of cell debris that forms after centrifugation of the lysate. 
Analysis of these pellets (data not shown) did not contain vanadium, thus, this 
mechanism appears rather unlikely. 
Interestingly, correlation analysis revealed a linear behavior (linear scale) for 
vanadium uptake, and an exponential behavior for dissolution (log scale). This may 
point to the fact that the concentration in a solvent caused by dissolution is described 
by an exponential function: The concentration of solute molecule is proportional to ekt 
(with t= time and k= rate constant of dissolution) (Borm et al. 2006). On the other 
hand, uptake via transporters is mostly limited by the number of transporters and thus 
only increases linearly. In contrast, Bracken et al. observed accumulation of 
vanadium within bovine kidney cells which was linearly proportional to the 
concentration in medium. However, they exposed cells to already dissolved 
orthovanadate, thus, no dissolution had to occur (Bracken et al. 1985a). 
For many nanoparticles, uptake via vesicular mechanisms has been demonstrated 
(Rejman et al. 2004; Singh et al. 2007). A Trojan-horse type mechanism has been 
described for metal oxide nanoparticles. The particles could enter the cells and once 
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internalized, dissolve and produce ROS intracellularly. In contrast, aqueous solutions 
of the metal ions were innoxious as they did not gain access to the cells (Limbach et 
al. 2007). A reason why this mechanism does not apply to vanadium oxide 
nanomaterial might be the shape – both nano V2O3 and V2O5 are needle- and rod-
shaped respectively with a very high length to width ratio. Chitrani et al. showed that 
the uptake of gold nanorods was much lower than for spherical gold particles 
(Chithrani et al. 2007). They speculated that the protein coating facilitating the 
endocytosis is less pronounced in nanorods. Similar effects might prevent the 
effective uptake of vanadium oxide nanomaterials into A549 cells. 
4.3 Two-sided effect of vanadium oxides: Low concentrations 
stimulate proliferation, high concentrations induce cytotoxicity 
Vanadium oxides enter cells in a solubility-dependent manner. What is the effect of 
intracellular vanadium oxides on cell viability? Several authors reported a two-sided 
effect on cell proliferation: Low concentrations stimulate cell proliferation (“insulin-like 
effect”), higher concentrations inhibit cell progression or are even cytotoxic 
(Hanauske et al. 1987; Cortizo et al. 1995; Cruz et al. 1995; Rehder et al. 2002). 
I performed three different kinds of cell proliferation assays (cell count, AlamarBlueTM 
assay, BrdU incorporation). The results of these experiments were similar and in 
accordance with former studies: At very low concentrations (1 µg/cm2 bulk V2O3), a 
pro-proliferative effect was observed which was comparable to that of 10 µg/ml 
insulin (2 to 3-fold increased proliferation in comparison to untreated control cells). 
The reported concentrations at which this “insulin-like effect” occurs differ: “0.01 mM 
and below” (Rehder et al. 2002), “below 10 – 10 M” (Hanauske et al. 1987). This is 
most likely due to the use of different cell types with different sensitivities 
(transformed mouse fibroblasts and non-transformed human fibroblasts in Rehder’s 
study; human tumor specimens in Hanauske et al.) and different vanadium 
compounds (ammonium metavanadate, vanadyl sulfate trihydrate and ortho sodium 
vanadate in Hanauske’s study, vanadate, [VO(acetylacetonate)(2)], 
[VO(2)(dipicolinate)]
(-) and [VO(maltolate)(2)] in Rehder’s work). A fact that further 
complicates direct comparison of the concentrations reported in these studies with 
the values in my experiments is the use of dissolved vanadium species versus 
undissolved vanadium oxides which were undergoing dissolution. Moreover, I applied 
a dose metric based on the surface of the reaction container (µg/cm2) and not on the 
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volume (µg/ml or M which is mol/l, respectively). The surface-based dose metric is 
supposed to be more appropriate for particulate substances as they tend to sediment 
onto the cells. In my case, I must admit that both metrics may be questionable, as 
both particulate vanadium oxides and dissolved ionic species are present to different 
extents at different time points. Hence, to be able to convert µg/cm2 concentrations 
into correct molar values for dissolving substances, knowledge of the exact content 
and the type of soluble species at a certain time point would be required. This would 
be a rather complex task. A way to handle dosimetry of partly soluble (nano)materials 
is thus still lacking. 
However, the results of the experiments shown here were in accordance with the 
finding that low concentrations of vanadium oxides stimulate cell proliferation. 
The results of the proliferation assays already revealed the other side of vanadium 
effects: Cytotoxicity at high concentrations, observed as a decrease in cell 
proliferation. To further assay this observation, three different types of viability assays 
have been performed. The need to use several viability assays has been found in 
former studies in our group, because many nanomaterials, e.g. carbon nanotubes, 
are able to interfere with these tests by e.g. binding the dye (Worle-Knirsch et al. 
2006). Hence, to exclude false positives or negatives, the results of viability tests 
should always be confirmed with viability tests using different end points or working 
principles. 
However, for the vanadium oxides, the results of the three different viability assays 
were in agreement with each other. Thus, there was no apparent interference of 
vanadium oxides with standard viability tests. 
The MTT and the XTT assay revealed significant dose-dependent cytotoxicity after 
24 hours of incubation, whereas the LDH assay showed a - much weaker -
cytotoxicity response only after 48 hours. This may reflect the different end points: 
metabolic activity for the MTT and XTT assays, and membrane damage in the LDH 
assay. Apparently, the vanadium oxide species that gained access to the cell impair 
metabolic activity first, by binding to enzymes and non-enzymatic proteins, inhibiting 
their activity and in consequence altering the cellular metabolism (Nechay et al. 1986; 
Tasiopoulos et al. 2000; Evangelou 2002). It seems to take some more time until this 
metabolic disturbance leads to membrane leakage or until lipid peroxidation damages 
the membrane sufficiently to provoke LDH release. Thus, the LDH assay was less 
sensitive for probing vanadium oxide toxicity. 
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Anyway, all viability assays suggested a correlation of cytotoxicity to solubility: 
Viability was the highest for low-soluble vanadium oxide species and the lowest for 
highly soluble vanadium oxides. Taken into consideration the solubility-dependent 
uptake of vanadium into the cells, this is in accordance with the fact that “cytotoxicity 
of vanadium compounds was associated with their capacity of cellular accumulation”, 
as Yang et al. already reported (Yang et al. 2004). 
Bhattacharya et al. studied the cytotoxicity of TiO2 particles coated with V2O5. They 
found a higher decrease in viability for the coated particles (20 to 40% viability at a 
concentration of 25 µg/cm2) than for the uncoated particles (70% viability) at the 
same concentration (Bhattacharya et al. 2008). Moreover, they compared the effects 
of pure V2O5 at concentrations equal to the amount of V2O5 contained in the coating 
(60 – 300 ng). They did not find cytotoxicity at these concentrations, which might 
have been too low to induce a decrease in cell viability. Thus, for this kind of particle, 
a Trojan-horse effect might be causing the cytotoxicity of the coated particles, i.e. 
uptake into the cells and subsequent intracellular dissolution, which is the opposite of 
the mechanism of toxicity observed with the vanadium oxides in this work. 
Moreover, for all substances, a dose-dependent increase in cytotoxicity was 
observed. The concentration of a substance exerting 50% decrease in viability is an 
important value to compare the toxicity of different substances. For vanadium 
compounds, 50% toxicity values ranging from 100 µM (Bracken et al. 1985b) to 1.27 
± 0.28 mM (Yang et al. 2004) and “the 1 mM concentration level” (Rehder et al. 2002) 
have been reported. For the reasons explained above, it is difficult to directly 
compare these values to the values resulting from my experiments. However, as I 
used a set of different vanadium oxides, I was able to compare the values for the 
different vanadium oxides within the same experimental setup. The concentrations at 
which 50% viability (LC50) was retained, was > 62.5 µg/cm
2 for bulk V2O3, nano V2O3 
and bulk V2O5, 31.25 µg/cm
2 for nano V2O5 and 20 µg/cm
2 for vanadate. Thus, 
cytotoxicity was the lowest for bulk V2O3, nano V2O3 and bulk V2O5, higher for nano 
V2O5 and highest for vanadate. This again reflects the solubility-dependence of 
cytotoxicity and the fact that nanomaterials are more cytotoxic than bulk material due 
to their increased solubility. 
Many authors reported increased cytotoxicity of nanomaterial versus bulk material, 
e.g. for cobalt-chromium alloy particles (Papageorgiou et al. 2007), coated TiO2 
particles (Sayes et al. 2008) Ga2O3 (Webb et al. 1986; Wolff et al. 1988) ZnO (Reddy 
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et al. 2007) and NiO (Veranth et al. 2007). However, with the exception of ZnO, the 
increased cytotoxicity is most likely not due to elevated solubility. For other 
nanomaterials (Al2O3, CeO2, Fe2O3, SiO2 and TiO2), no higher cytotoxicity for nano 
versus bulk material was reported (Veranth et al. 2007). 
Concerning the importance of solubility and thus the release of ions as a mediator of 
cytotoxicity, increased cytotoxicity was also observed for quantum dots releasing 
toxic Cd2+ ions in contrast to “stable” quantum dots (Derfus et al. 2004). Contrarily, 
ZnO nanoparticles which were better soluble than ZnO bulk material, showed no 
increased cytotoxicity in the study published by Franklin et al. (Franklin et al. 2007). 
Anyway, one has to consider that the test conditions and the particle characteristics 
were very different in all of these studies. Cytotoxicity data found in exposure of 
bacteria, plants or human cells are most likely hardly comparable. Moreover, the 
physico-chemical properties are supposed to play an important role. For example, 
TiO2 comes in different crystal structures, anatase and rutile, and both may have 
different cytotoxicities. Veranth et al. (Veranth et al. 2007) used anatase TiO2 
nanoparticles and compared their cytotoxicity to micronsized rutile TiO2– they did not 
find a difference, but this might have been different if they had used the same crystal 
structure for both sizes (Zhao et al. 2005). This underlines the need to choose the 
right material and to thoroughly characterize materials in order to be able to compare 
the results of different studies. 
4.4 ROS generation by soluble vanadium oxides 
Reactive oxygen species are generated endogenously by various cellular processes 
(e.g. electron transport in the mitochondria). Cells have diverse mechanisms to cope 
with these reactive species. However, if additional ROS are produced due to toxic 
substances or irradiation, cells may be unable to eliminate the reactive species 
effectively. The consequence is oxidative stress which is characterized by oxidative 
modification of cellular structures such as membrane lipid peroxidation, oxidation of 
DNA bases, proteins and enzymes. The affected cell may be strongly impaired, and 
finally be condemned to cell death. 
The production of ROS is supposed to be the main mechanism of vanadium oxide 
toxicity (Evangelou 2002). Vanadium(V) enters the cell and is reduced intracellularly 
to V(IV) whereby superoxide radical (O2
·-) and hydrogen peroxide (H2O2) are 
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generated. Fenton-like reactions using V(IV) as a catalyst can further lead to the 
production of hydroxyl radical:  
(V(IV) + H2O2 -> 
·OH + OH- + V(V)) (Zhang et al. 2003). 
Regenerated V(V) can enter another redox-cycle generating even more ROS 
(Zychlinski et al. 1991). 
It has been reported that vanadium oxides produce ROS, both in cell-free systems 
(Shi et al. 1990) and in combination with cells (Shi et al. 1991). The results shown in 
this work are in accordance with these observations: I found a concentration-
dependent increase in ROS production for vanadium oxides both in medium only and 
intracellularly in incubations of A549 cells. The well-soluble vanadium oxides (nano 
V2O3, bulk V2O5, nano V2O5 and vanadate) increased the amount of ROS 
significantly in both systems. Bulk V2O3 did not produce ROS in medium only; this 
suggests that solubilization is required for ROS production. However, a weak ROS 
generation was observed in incubations with cells. Cells excrete acidic “waste” which 
may help to dissolve bulk V2O3 and thus, ROS production could be observed in 
incubations with cells, but not without. 
 
A study which compared the oxidative stress induced by four different nanomaterials 
(carbon black, single wall carbon nanotubes, SiO2 and ZnO) found the highest ROS 
production for ZnO (Yang et al. 2009) – which is supposed to be the one of the four 
with the highest tendency to dissolve, thus, another hint that solubility may be a 
prerequisite for ROS generation for certain types of nanomaterials. 
The DHR assay which I used for detection of ROS is supposed to react preferentially 
with superoxide anion and hydrogen peroxide (Emmendorffer et al. 1990; Henderson 
et al. 1993; Royall et al. 1993). Superoxide anions and hydrogen peroxide are 
together with hydroxyl radicals the main ROS species generated by vanadium oxides 
in microsomes, via NADH-dependent flavoenzymes or Fenton-like mechanisms (Shi 
et al. 1991; Shi et al. 1992; Zhang et al. 2003). Thus, concerning the ROS species, 
the ROS generation I detected is in accordance with earlier reports. 
 
ROS generation was found to be the highest for nano V2O3, followed by nano V2O5, 
bulk V2O5 and finally by bulk V2O3. Higher ROS generation of nanosized, in 
comparison to micronsized material might reflect the increased surface reactivity of 
nanomaterials (Nel et al. 2006). Similar observations have been reported e.g. for 
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ultrafine TiO2 in contrast to fine TiO2 (Singh et al. 2007) and for particulate matter of 
different sizes (Li et al. 2003). Moreover, TiO2 particles coated with V2O5 produced 
more ROS (approximately twice as much) than pure TiO2 particles (Bhattacharya et 
al. 2008) which highlights the fact that the chemical composition is also very 
important. That nano V2O3 yielded the highest ROS generation may be due to the 
fact that it has to be oxidized to become soluble (Worle-Knirsch et al. 2007). These 
further oxidation steps might lead to more reactive oxygen species than for the 
pentoxide. 
 
Worle-Knirsch et al. reported lipid peroxidation in murine macrophage-like cells 
(RAW-264) after treatment with vanadium oxides. Lipid peroxidation was the 
strongest after treatment with nano V2O3, followed by bulk V2O5 and at last bulk V2O3. 
Thus, the order of ROS generation I found is in agreement with the order of the 
extent of oxidative stress effects observed in this study (Worle-Knirsch et al. 2007). 
Contrary to my results, they found approximately equal amounts of ROS production 
for bulk V2O3, nano V2O3 and bulk V2O5 up to concentrations of 50 µg/ml. At higher 
concentrations, bulk V2O5 was the substance generating the most ROS, followed by 
bulk V2O3 and nano V2O3 (Worle-Knirsch et al. 2007). However, they used a different 
cell line (the endothel cell line ECV304), which revealed a different reaction than 
A549 cells to oxidative stress: Induction of hemoxygenase (HO-1), an antioxidative 
enzyme, was found in ECV cells exposed to nano V2O3, whereas the same treatment 
lead to a decrease of HO-1 in A549 cells. This apparently reflects cell-type specific 
differences in oxidative stress management, or differences in generation of and 
susceptibility to ROS. 
 
Interestingly, the combination of vanadate and H2O2 yields different peroxovanadium 
species, dependent upon the respective concentrations and the pH. Mono and 
diperoxo products occur preferentially at low concentrations, whereas higher 
concentrations result in triperoxo- and tetraperoxovanadates (Shaver et al. 1995). 
Their effects have been reported to be different from vanadate. For example, 
peroxovanadium compounds are very potent in increasing protein tyrosine 
phosphorylation at the insulin receptor (Crans 2005). Moreover, they are 100-1.000 
times more effective protein tyrosine phosphatases inhibitors than vanadate (Bevan 
et al. 1995), because peroxovanadates induce irreversible inhibition, in contrast to 
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vanadate, which is a competitive phosphatase inhibitor (Huyer et al. 1997). As I 
observed vanadate uptake and ROS production, these peroxovanadates may also 
occur in my experiments and be responsible for some of the observed effects. 
4.5 Genotoxicity of nano V2O3 and bulk V2O5: DNA oxidation, 
strand breaks and cell cycle arrest 
For (bulk) V2O5 and vanadate the induction of guanine hydroxylation, DNA strand 
breaks and cell cycle arrest have been described in numerous studies (Owusu-Yaw 
et al. 1990; Migliore et al. 1993; Zhong et al. 1994; Altamirano-Lozano et al. 1996; 
Rojas et al. 1996; Shi et al. 1996; Lloyd et al. 1998; Altamirano-Lozano et al. 1999; 
Ivancsits et al. 2002; Rodriguez-Mercado et al. 2003; Zhang et al. 2003). Accordingly, 
I found an increase in the content of 8-oxo-guanine, DNA strand breaks and an arrest 
in G2/M phase after treatment with bulk V2O5, confirming the reported genotoxic 
potential of this substance. Moreover, I observed the same effects for the novel nano 
V2O3. Thus, out of the four vanadium oxide species in this study, two (nano V2O3 and 
bulk V2O5) showed a clear genotoxic potential including oxidation of bases, strand 
breaks and cell cycle arrest. The vanadate solution induced 8-oxo-guanine and cell 
cycle arrest as well, but no DNA strand breaks, which suggests a moderate genotoxic 
potential. The two remaining vanadium oxides, bulk V2O3 and nano V2O5, apparently 
did not affect the DNA. A summary of these results is found in Tab. 6. 
Tab. 6 Genotoxicity of vanadium oxides. 
The outcome of the analysis of the 8-oxo-guanine content (8-oxo-G), the comet assay (strand breaks), 
the micronucleus test (micronuclei) and cell cycle analysis (G2/M arrest) have been summarized for 
bulk vanadium trioxide (bV2O3), nano vanadium trioxide (nV2O3), bulk vanadium pentoxide (bV2O5), 
nano vanadium pentoxide (nV2O5) and a solution of vanadium oxides (vanadate). (-): no induction; (+): 
2-fold increase relative to the control; (++): 5-fold increase relative to the control; (+++): 10-fold 
increase relative to the control. (For 8-oxo-G, no values relative to the control are shown; (++) means 
a D/s(n) value above 30) (n): no genotoxicity; (y): weak genotoxicity (yy): strong genotoxicity. The 
shading represents the strength of the effects; the darker the color, the stronger the effect. 







bV2O3 - - - - n 
nV2O3 ++ +++ - + yy 
bV2O5 ++ ++ - + yy 
nV2O5 - - - - n 




Interestingly, for genotoxicity, no direct correlation to the solubility of the substance 
seems to exist. The most genotoxic are the substances of intermediate solubility. 
That the poorly soluble bulk V2O3, which is found at low concentrations inside the cell 
and which generated hardly any ROS, does not induce DNA damage was not 
surprising. In contrast, the absence of DNA damage after treatment with nano V2O5 
was unexpected. Nano V2O5 is taken up readily into the cells due to its high solubility 
and generates considerable ROS. But this does not lead to guanine oxidation, DNA 
strand breaks or cell cycle arrest. As to the reason for this observation, it is hard to 
say. A possible explanation might be the generation of different mixtures of different 
ionic vanadium oxide species during dissolution of different vanadium oxides. 
Different oligomers of vanadate have been found to have different toxicity (Wei et al. 
1982). Moreover, vanadium oxides are taken up into the cells to a different amount 
and generate different amounts of ROS intracellularly. The combination of vanadate 
and ROS yields peroxovanadium compounds depending on the concentration 
(Shaver et al. 1995). The intracellular concentration of vanadium after treatment with 
nano V2O5 might be appropriate to induce formation of peroxovanadium compounds. 
The effects of peroxovanadium compounds are different to those of vanadate. For 
example, they inhibit protein tyrosine phosphatases 100 to 1.000 times more 
effectively than vanadate (Bevan et al. 1995) by irreversibly binding to the enzyme. 
Thus, it might be conceivable that, in case such peroxovanadium species are 
produced, vanadate and ROS combined in a peroxovanadium compound are 
sequestered to the enzymes and are not able to come close to the DNA, oxidize 
bases and consequently induce DNA damage. 
A summary of the hypothetical mechanisms leading to DNA damage (or not) after 




Fig. 39 Summary of the toxic effects and (hypothetical) mechanisms of different vanadium 
oxide species. 
Vanadium oxides undergo dissolution to different extents. The resulting vanadate ions may enter the 
cell via anion transporters. Bulk V2O3 is poorly soluble and the low amounts that are found in the cell 
exert no toxicity. The more soluble vanadium oxide species yield higher intracellular vanadate 
amounts and generate ROS. ROS can impact on proteins and enzymes by oxidizing amino acid 








residues. Moreover, ROS seem to directly affect and damage the DNA in the case of nano V2O3 and 
bulk V2O5 and to a lower degree in the case of vanadate. For nano V2O5, additional mechanisms seem 
to be involved, maybe the formation of peroxovanadium compounds that irreversibly bind to proteins 
and enzymes, but do not damage the DNA. Vanadate toxicity may involve both direct oxidative DNA 
modifications and additional mechanisms; such as the formation of oxidized guanine, but no DNA 
strand breaks have been observed. 
* vanadate ions may include different vanadate mono- and oligomers, depending on the dissolving 
vanadium oxide species and the concentration of dissolved vanadium oxides. 
On the other hand, the vanadate solution was able to induce oxidative DNA damage. 
This might be due to the fact that the intracellular concentration is even higher than 
for nano V2O5; thus there might be some vanadate “left over” after formation of 
peroxovanadium compounds which can induce DNA oxidation and cell cycle arrest, 
but not as much as bulk V2O5 and nano V2O3 which might not generate 
peroxovanadium compounds. 
In summary, when comparing the genotoxic potential of bulk and corresponding 
nanomaterial, I found a considerably elevated genotoxic potential in the V2O3 
nanomaterial, but not in the bulk material. Several studies reported similar findings for 
other nanomaterials: Gurr examined anatase TiO2 at to different sizes (10 nm, 20 nm, 
200 nm, > 200 nm) and found oxidative DNA damage for the 10 and 20 nm particles, 
but not for the larger ones (Gurr et al. 2005). Mroz observed DNA strand breaks for 
nano, but not for micron carbon black in A549 cells (Mroz et al. 2007). Papageorgiu 
tested CoCr and reported a higher strand breaking capacity for nano versus 
micronsized particles in human fibroblasts (Papageorgiou et al. 2007). 
Balasubramanyam showed an increase in DNA strand breaks and a dose-dependent 
micronuclei induction for nano Al2O3, but not for bulk Al2O3 in mice 
(Balasubramanyam et al. 2009). 
Surprisingly, I found no DNA-damaging capacity for the known genotoxic substance 
V2O5 as a nanomaterial. To the best of my knowledge, similar results have not yet 
been reported before. In contrast, Bhattacharya et al. reported the genotoxicity of 
TiO2 nanoparticles coated with V2O5 (Bhattacharya et al. 2008). But in this study, the 
nanomaterial was spherical and the vanadium pentoxide might have acquired 
characteristics in the coating process that differ considerably from the rod-shape 
nanomaterial prepared by polyol-mediated synthesis used in this work. 
 
The importance of oxidative DNA damage for carcinogenesis is well known. Elevated 
levels of 8-oxo-G have been found in numerous tumors (Mates et al. 2008). 
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Mutagenesis as a consequence of 8-oxo-G formation has been described for the 
carcinogenic asbestos fibers (Xu et al. 1999; Unfried et al. 2002). Moreover, Ichinose 
et al. reported a dose-dependent increase in 8-oxo-G in DNA of mice treated for 
10 weeks with diesel exhaust particles. The tumor incidence in the animals was 
significantly correlated to the 8-oxo-G content (Ichinose et al. 1997). Thus, as I found 
an elevated amount of 8-oxo-G for bulk V2O5 and the novel nano V2O3, a similar 
mechanism of carcinogenesis including oxidative DNA damage may be conceivable 
for these substances as well. However, nano V2O3 and bulk V2O5 also induced a cell 
cycle arrest at G2/M phase. It is possible that this arrest enables the cells to repair 
the acquired DNA damage which could prevent development of tumor cells. Thus, to 
correctly assess the in vivo carcinogenic potential, long-term in vivo animal studies 
would be required. 
4.6 No increase in micronucleated cells – but morphological 
changes in cell nuclei 
The induction of micronuclei has been reported for various nanomaterials including 
SiO2 (Wang et al. 2007b), TiO2 (Wang et al. 2007a), anatase TiO2 (Gurr et al. 2005), 
multi-walled carbon nanotubes (Muller et al. 2008), CoCr (Papageorgiou et al. 2007) 
and Al2O3 (Balasubramanyam et al. 2009). For vanadium oxides, an increase in 
micronucleus frequency in murine bone marrow cells, human lymphocytes, 
polychromatic erythrocytes and V79 cells has been shown (Migliore et al. 1993; 
Zhong et al. 1994; Ciranni et al. 1995; Migliore et al. 1995; Leopardi et al. 2005; 
Villani et al. 2007; Bhattacharya et al. 2008; Ehrlich et al. 2008). Most authors 
reported the occurrence of kinetochore-positive micronuclei. Thus, an aneugenic 
effect (e.g. disturbance of the mitotic spindle) was suggested for vanadium oxides 
(Migliore et al. 1993; Zhong et al. 1994; Ciranni et al. 1995; Migliore et al. 1995; 
Ehrlich et al. 2008). It was therefore interesting to test the novel vanadium oxide 
nanomaterials in the micronucleus test. I could not detect a statistically significant 
increase in the number of micronucleated cells. Only 2 µg/cm2 bulk V2O5 led to an 
elevated micronucleus frequency, but the difference to the control cells was not 
statistically significant. What is the reason that I did not observe micronucleus 
formation after treatment with vanadium oxides, in particular with bulk V2O5 and 
vanadate, which induced micronuclei in many other studies? Firstly, due to the 
occurrence of cells with strange nuclear morphology, which I excluded form 
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micronucleus scoring, I might have missed some micronucleated cells (see also 
below). Moreover, the vanadium oxide species contained in the vanadate solution 
prepared from bulk V2O5 might be different from the vanadate solutions other authors 
used. The mainly applied sodium orthovanadate, ammonium metavanadate or 
vanadyl sulphate (V2O5 was only used by Zhong et al. and Bhattacharya et al.; in the 
latter as V2O5 coated TiO2 nanoparticles). Moreover, the target cells and exposure 
conditions varied considerably: Ciranni et al., Leopardi et al. and Villani et al. used 
the bone marrow or reticulocytes of orally exposed mice, Migliore et al. human 
lymphocyte cultures, Zhong et al. and Bhattacharya et al. V79 (Chinese hamster 
fibroblast) cells. Maybe A549 cells are less sensitive to vanadium oxides than the 
primary blood / bone marrow cells that were used in many of the studies with positive 
outcome. 
However, there was a significant decrease in the nuclear division index, a result 
which was also observed in the study of Zhong et al. (Zhong et al. 1994), pointing to 
a cytostatic property of bulk V2O5. 
 
However, the appearance of the mitotic cells in samples treated with vanadium 
oxides often looked bizarre (see Fig. 33): Chromosomes were kind of clustered 
irregularly; no formation of a metaphase plate at the equator of the cell was apparent, 
and sometimes several chromosomes seemed scattered and not included into the 
apparatus that was holding together most of the chromosomes. This may be a hint to 
an impaired function of the mitotic spindle, pointing to the aneugenic potential of 
vanadium oxides described by the authors cited above. A reason for disturbed 
spindles may be the interaction of vanadate oligomers with microtubule-associated 
proteins (MAP) which are regulated by phosphorylation. Whereas monomeric 
vanadate does not interact with microtubule formation, the binding of decavanadate 
to MAPs inhibits the assembly of microtubule proteins (Lobert et al. 1994). 
Moreover, during scoring I repeatedly noticed cells displaying a strange nuclear 
morphology (see Fig. 31). Nuclei were segmented; the segments were often 
distributed like the petals of a flower and connected by structures resembling 
nucleoplasmatic bridges. I started scoring these cells as an additional parameter to 
see if there was a correlation to a specific treatment. Indeed, the frequency of these 
“cells with segmented nuclei” was significantly increased in cells treated with nano 
V2O3, bulk V2O5, nano V2O5 and vanadate, thus, the water-soluble vanadium oxide 
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species. The numbers of cells with altered nuclear morphology were 2- to 6-fold 
higher in these samples; at the most, 10% of nuclei looked like that. Considering this 
high amount of “strange” cells and the fact that I excluded these cells from 
micronucleus scoring (even though they sometimes contained small fragments which 
could have been micronuclei), it is possible that I have missed a fraction of 
micronucleated cells, and therefore not found an increase in micronucleus frequency. 
But what caused this strange morphology? Considering the irregular appearance of 
mitotic cells and the fact that vanadate is a potent phosphatase inhibitor, I looked for 
protein kinases and phosphatases involved in mitosis whose activation or inhibition 
could be responsible for the observed altered nuclear morphology. Literature studies 
suggested polo-like kinase 1 (Plk1) and Cdc14 phosphatase as possible candidates. 
During mitosis, the activity of Plk1 is enhanced by phosphorylation (Mundt et al. 
1997). An overexpression of Plk1 was found to lead to a “significant increase in large 
cells with multiple, often fragmented nuclei” (Mundt et al. 1997). Vanadium oxide 
mediated inhibition of the phosphatase which dephosphorylates Plk1 would result in 
persistent activation of Plk1 and could have the same effect as the one described for 
overexpression, namely the fragmented appearance of nuclei. 
Nalepa et al. reported the Cdc14B phosphatase to be, together with Plk1, “critical for 
the maintenance of proper nuclear structure” (Nalepa et al. 2004). They discovered 
an “intranuclear filamentous framework” that is impaired if Cdc14B lacks or is 
catalytically inactive. Knock-down of Cdc14B by shRNA resulted in “defects in mitotic 
progression, including multipolar spindles, inhibition of cytokinesis to produce cells 
with multiple nuclei, and incomplete chromosome segregation”. Moreover, if cells 
ectopically expressing Plk1 were transfected with catalytically inactive Cdc14B 
mutants or Cdc14B siRNA, Nalepa et al. observed “strikingly grotesque morphology: 
Multinucleated cells with numerous macro- and micronuclei as well as cells with 
deformed nuclei” (Nalepa et al. 2004). 
Thus, the inhibition of Cdc14B phosphatase by vanadium oxides might induce an 
increased activity of Plk1 which results in the altered nuclear morphology with 
segmented nuclei that I observed in the micronucleus test. 
A hint that these changes in nuclear morphology might not only occur in vitro is a 
Mexican study by Sanchez et al. cited in the IARC report. In mice exposed to 
inhalation of 0.01 to 0.02 M vanadium pentoxide, they observed “distorted nuclear 
morphology in non-ciliated bronchiolar Clara cells” (IARC 2006). 
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The cellular consequence of such fragmented, segmented nuclei is totally unclear. 
Nevertheless, it is hard to imagine that such a cell is able to undergo further regular 
cell divisions. 
4.7 Genotoxic potential of TiO2, CB and ZnO 
TiO2, CB and ZnO are among the commercially most important nanoparticles. They 
are produced at large scale and used in products such as sunscreens (TiO2 and 
ZnO), paint (TiO2) or printer toners (CB). Thus, exposure of consumers to these 
nanomaterials is highly probable. It is therefore important to know if these materials 
hold a genotoxic potential. 
Examination of these nanoparticles in the comet assay revealed no DNA strand 
breaking capacity for any of the three materials. 
Similar results were reported in several studies for TiO2 (Dunford et al. 1997; 
Nakagawa et al. 1997; Vevers et al. 2008): None of the studies found an increase of 
DNA damage in the comet assay if no additional irradiation with UV light occurred. 
For CB, Karlsson et al. detected no increase in tail intensity in A549 cells at 
concentrations up to 40 µg/cm2 (Karlsson et al. 2008). Zhong et al. did not detect 
DNA strand breaks after treatment of V79 or Hel 299 cells with CB (Zhong et al. 
1997). 
Karlsson et al. (Karlsson et al. 2008) showed that DNA damage induced by ZnO 
occurred only after incubation with 40 µg/cm2, but not with 20 µg/cm2. The highest 
concentration I used was 10 µg/cm2, thus the absence of DNA strand breaks I saw is 
in accordance with Karlsson’s results. However, incubation with nanoparticles was 
much shorter in these studies than in my work. It was 3 hours in Zhong et al. and 
4 hours in Karlsson et al. (in contrast to 24 and 48 hours in my work). 
In contrast, several studies found DNA damage in the comet assay for these 
nanomaterials. TiO2: Gurr et al. 2005; Wang et al. 2007a; Karlsson et al. 2008. CB: 
Don Porto Carero et al. 2001; Jacobsen et al. 2007; Mroz et al. 2008; Yang et al. 
2009. ZnO: Sharma et al. 2009; Yang et al. 2009. However, in some of the studies, 
DNA damage was observed in cell types other than A549, which might be more 
susceptible to DNA damage (Wang et al. used B-cell lymphoblastoid cells; Gurr et al. 
BEAS-2B, Jacobsen et al. mouse epithelial cells, Sharma et al. A431 cells, a human 




Moreover, even if Mroz et al. also used A549 cells, they detected DNA damage at 
concentrations that were higher than the ones I used. The highest concentration of 
CB in my work was 25 µg/cm2 (corresponding to 83 µg/ml). Mroz et al. applied 
100 µg/ml. Very high concentrations were also used in the study by Sharma et al. 
They observed increased DNA damage after 6 hours of incubation with 0.8 g/ml ZnO 
(Sharma et al. 2009). 
The application of such high concentrations may not be suitable, as the particle 
“overload” can cause unspecific cytotoxicity. The use of cytotoxic concentrations is 
not recommended for genotoxicity testing as e.g. the induction of apoptosis can lead 
to false positive results. DNA fragmentation is a characteristic of apoptosis and 
produces comets as well. Thus, comparability of different studies is somewhat 
difficult because of the use of different cell lines, dose metrics, experimental set-up 
etc. Hence, standardization of genotoxicity testing for nanomaterials is required to 
yield conclusive and reliable results for risk assessment. 
 
In the micronucleus test I performed, TiO2 and ZnO increased the micronucleus 
frequency slightly, but not to a statistically significant extent. In contrast, the highest 
concentration of CB (25 µg/cm2) yielded a statistically significant, 2-fold increase in 
micronucleated cells. 
No induction of micronuclei after treatment with TiO2 was reported as well by a study 
in rat liver epithelial cells at concentrations of 5, 10 and 20 pg/cm2 (Linnainmaa et al, 
1997, cited in (Landsiedel et al. 2009)) and in a fish cell line (RTG-2 cells) at 
concentrations up to 50 µg/ml (Vevers et al. 2008). Contrarily, a 2.5-fold increase in 
micronucleus frequency has been found in human B-cell lymphoblastoid WIL2-NS 
cells at 130 µg/ml after 6 hours (Wang et al. 2007a) and in BEAS-2B cells after 
incubation with 10 µg/ml for 24 hours (Gurr et al. 2005). Here again, experimental 
conditions in the different studies vary considerably, which complicates the 
comparison and the conclusion as to what results are the most relevant, and if there 
is a threat to DNA integrity following exposure to TiO2. 
 
Poma et al. reported a 1.5 to 3.5-fold increase in micronucleus frequencies after 
treatment with carbon black in the murine macrophage cell line RAW 264. The 
induction of micronuclei frequency was dose-dependent and statistically significant 
for all concentrations (1 µg/cm2, 3 µg/cm2 and 10 µg/cm2) (Poma et al. 2006). In 
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contrast to my experiments which applied 24 hours of incubation, they treated cells 
for 48 hours. This longer incubation might be – besides a possibly increased 
sensitivity of mouse macrophages – a reason for the statistically significant increases 
in micronucleus formation already at lower doses. 
Moreover, studies with particulate matter which consists mainly of carbon, found 
increases in micronucleus formation as well. Poma et al. directly compared 
micronucleus induction by carbon black and particulate matter and reported even 
higher micronucleus frequencies for airborne particulate matter (Poma et al. 2006). 
This was suggested to be due mainly to organic contaminants. Similar results were 
also published by other scientists (Gu et al. 2005; Roubicek et al. 2007). 
 
Studies examining the genotoxicity of zinc compounds reported ambiguous results. 
Zenzen et al. did not find genotoxic effects in human lymphocytes exposed to zinc 
dithiocarbamates at concentrations of 0.1, 1 and 10 µg/ml (Zenzen et al. 2001). 
However, the others did not state if this effect was mediated mainly by the zinc or the 
dithiocarbamate. 
Other authors used zinc salts which might be more suitable to compare to ZnO 
nanoparticles. An 8 to 9-fold increase in micronucleated cells was observed in human 
leukocytes after treatment with 0.15 and 0.3 mM zinc chloride (ZnCl2) (Santra et al. 
2002). Zinc sulphate (ZnSO4) induced micronucleus frequencies in Vicia faba root 
tips at concentrations of 100 µM that were 10 times higher than in control treatments 
(Marcato-Romain et al. 2009). Moreover, another study examined chromosome 
aberrations induced by ZnO in CHO cells. The authors reported a positive outcome at 
a concentration of 105 µg/ml (Dufour et al. 2006). 
However, the concentrations used in the studies that showed genotoxicity of zinc 
compounds were much higher than the ones in this work. This is particularly true 
when taking into account that the water solubility of zinc salts is much higher than the 
solubility of ZnO nanoparticles (BGIA GESTIS database); thus the concentrations of 
zinc ions released by the nanoparticles into the medium are certainly much lower 
than in solutions of ZnCl2 or ZnSO4. 
 
Interestingly, treatment with ZnO nanoparticles did not elevate the number of 
apoptotic cells in the micronucleus test. In various types of immune cells (murine 
thymocytes, murine splenic lymphocytes, human Ramos B and human Jurkat T cells, 
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human B-cell lymphomas and human peripheral blood monocytes), exposure to Zn2+ 
resulted in induction of apoptosis (Provinciali et al. 1995; Ibs et al. 2003; Lecane et 
al. 2005; Mann et al. 2005; Chang et al. 2006). This discrepancy might be explained 
by the comparably low doses of zinc ions that are present in incubations with ZnO 
nanoparticles. Apoptosis was found to be induced mostly by high zinc concentrations 
(above 75 µM and 100 µM respectively) (Provinciali et al. 1995; Chang et al. 2006). 
Nevertheless, low concentrations can also trigger apoptosis. However, Provincali et 
al. reported that the length of the incubation is important: Apoptosis is induced by 
zinc after 8 hours, but blocked after 20 hours (Provinciali et al. 1995). The 
micronucleus test takes 24 hours, thus the early induction of apoptosis might be 
missed. 
Moreover, the A549 cell line might respond to zinc differently than immune cells. For 
example, apoptosis of A549 cells induced by primary lung fibroblasts from patients 
with idiopathic pulmonary fibrosis was inhibited by 50 µM zinc (Uhal et al. 1995). 
 
In conclusion, the limited number of studies on genotoxicity of nanomaterials, which 
are moreover hardly comparable, suggest the urgent need to standardize protocols 
and to increase the knowledge about the genotoxic potential of novel nanomaterials 
in order to be able to assess possible health effects and to prevent adverse effects. 
 
My results suggest that the genotoxic potential of TiO2 and ZnO is very low. Thus, the 
use of these nanoparticles e.g. in sunscreens seems to be safe, in particular as 
healthy skin does not allow penetration of nanoparticles (Kiss et al. 2008). In 
contrast, carbon black is apparently genotoxic at higher concentrations. Considering 
this genotoxicity, occupationally exposed persons should be protected against 
inhalation of carbon black particles. Consumer products containing carbon black (e.g. 
printer toners) should apply formulations that minimize or prevent aerosol formation. 
Moreover, the disposal or recycling of products with carbon black has to be done 




4.8.1 Biological effects and genotoxicity differ for bulk and nano 
vanadium oxides 
An important question of this work was to figure out if corresponding bulk and nano 
materials have different effects and to find (mechanistic) explanations for such 
differences. Indeed, the majority of experiments performed revealed different 
outcomes for bulk and nanomaterial of the same chemical composition. Solubility, 
uptake and cytotoxicity were higher for nano than for bulk materials. Even though 
ROS generation was observed for all soluble vanadium oxides, it was somewhat 
higher for nanosized than for bulk vanadium oxides. Regarding genotoxicity, the 
difference between the corresponding nano and bulk substances was even more 
striking: For V2O3, the bulk material was not genotoxic, whereas the nanomaterial 
was highly genotoxic. For V2O5, it was the other way round: Genotoxic bulk 
substance, non-genotoxic nanomaterial. 
Thus, this study clearly showed that bulk and nanomaterial of the same chemical 
composition have distinct effects on cells. In most cases, the (mostly negative) 
effects were stronger for the nanomaterial. This confirms one of the main concerns 
that nanotoxicology addresses: The toxic potential of nanomaterials differs from the 
toxic potential of bulk substances and toxicity is higher for nanomaterials. Similar 
observations for various substances have been published by several groups (Webb 
et al. 1986; Wolff et al. 1988; Oberdorster et al. 1992; Oberdorster et al. 2000; Gurr et 
al. 2005; Monteiller et al. 2007; Papageorgiou et al. 2007; Reddy et al. 2007; Mroz et 
al. 2008; Balasubramanyam et al. 2009). 
Anyway, this study showed that a decreased genotoxicity of a nanomaterial is 
possible as well. Bulk V2O5 is a known genotoxic compound; at any rate, the 
outcome of my experiments suggests no genotoxicity of the nanosized V2O5. To the 
best of my knowledge, such a toxicological behavior has not been reported before for 
any other material. However, these in vitro results would have to be confirmed by in 
vivo studies to exclude that there is really no genotoxicity, and that a DNA damaging 




In any case, it must be concluded that one cannot easily derive the toxic potential of 
a nanomaterial from the toxicity data of the bulk material. Thus, toxicity testing of 
novel nanomaterials is still indispensable. 
4.8.2 Mechanisms of bulk versus nanotoxicity of vanadium oxides 
Nanotoxicology aims not only at testing nanomaterials in the lab one by one. An 
essential objective is also to elucidate specific mechanisms of nanotoxicity and to 
establish correlations between physico-chemical properties and toxicological data. 
Such knowledge could help to predict the toxicity of other materials with similar 
characteristics. This would enable toxicologists that are faced with an ever rising 
number of novel nanomaterials to determine from physico-chemical data which 
nanomaterials might be the most harmful and consequently should be tested at first. 
 








Fig. 40 Summary of the biological effects of vanadium oxides. 
The results of different experiments (solubility, uptake, cytotoxicity, proliferation, ROS generation, 
genotoxicity) are shown for the five vanadium oxides used. The shading represents the observed 
strength; the darker the color, the stronger was the effect. 
 
Fig. 40 shows a summary of the results of different vanadium oxides species 
presented in this work. From the figure, it becomes evident that uptake and 
cytotoxicity are positively and the stimulation of proliferation is negatively correlated 
to the solubility of the substance. The generation of ROS is not increasing with 
increasing solubility, thus, there is no direct correlation, but as the generation of ROS 
was found for all soluble vanadium oxides, but hardly for the unsoluble bulk V2O3, 
solubility seems to be at least a prerequisite for this parameter as well. Thus, the 
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solubility of a substance is apparently critical for the toxicological behavior. 
Determination of the solubility of nanomaterials could therefore serve to estimate 
cytotoxicity, in particular if the soluble species that are released are toxic. Borm et al. 
(Borm et al. 2006) already pointed out the importance of dissolution for toxicity of 
nanomaterials; however, data about the solubility are unfortunately rarely found in 
studies about nanotoxicity. 
 
When it comes to genotoxicity, I could not find a direct correlation to solubility. The 
most genotoxic were the two substances of intermediate solubility (nano V2O3 and 
bulk V2O5), followed by dissolved vanadate ions. Hence, the mere concentration of 
dissolved ions may not serve to predict the genotoxic potential. A secondary 
mechanism seems to be involved in genotoxicity of vanadium oxides; possibly the 
sequestration of the dissolved molecules to different cellular compartments, maybe 
as a result of the formation of peroxovanadium compounds. Anyway, the exact 
mechanism is still unclear and awaits further examination. 
4.8.3 Genotoxicity of different nanomaterials is different 
Does the comparison of the genotoxic potential of nanomaterials of different chemical 
composition help to find a parameter which is responsible or correlated to 
genotoxicity? I examined the genotoxicity of different nanomaterials, TiO2, ZnO and 
carbon black, and compared it to the genotoxicity data acquired in the experiments 
with vanadium oxides. A summary of these results is shown in Tab. 7. No genotoxic 
potential was found for nano V2O5, TiO2 and ZnO. Carbon black was weakly 
genotoxic. Genotoxicity was considerable for nano V2O3. Thus, some of the 
nanomaterials tested were genotoxic (nano V2O3, CB), the others not. But what 
determines genotoxicity? Is the DNA damaging capacity correlated to specific nano-
characteristics, like increased specific surface or elevated surface reactivity? Or is 
the toxicity mainly dependent on the material and therefore different for chemically 
different nanomaterials, even if they are of the same size or specific surface? 
From Tab. 7, it becomes evident that a correlation to the size of the nanomaterials 
was not apparent. It has been suggested that the specific surface is more suitable to 
find correlations (Oberdorster et al. 1994; Oberdorster 1996). Unfortunately, this 




Physico-chemical characteristics like solubility might play a role, too, if one thinks 
about the fact that water-soluble nano V2O3 was much more genotoxic than the 
hardly water soluble bulk V2O3. However, this did not hold true when comparing nano 
V2O3 (good solubility, high genotoxic potenial) and nano V2O5 (higher solubility than 
nano V2O3, but no apparent genotoxicity). ZnO is also supposed to be more 
genotoxic than TiO2 because of its solubility leading to release of toxic ions (Franklin 
et al. 2007); however, genotoxicity for ZnO could not be observed in this study. 
 
Oxidative stress is supposed to play an essential role in the induction of DNA 
damage by nanomaterials. Could the amount of ROS generation give a hint to the 
genotoxic potential? All nanomaterials generated ROS to different extents. Low ROS 
generation (as seen for TiO2 and ZnO) correlates to a low gentoxic potential. The 
high ROS production by CB and nano V2O3 comes along with a genotoxic potential, 
but this does not hold true for nano V2O5: ROS is generated, but does not result in 
DNA damage. Thus, the production of ROS might work as a predictive parameter, 
but there are obviously exceptions to the rule. 
 
In conclusion, the chemical composition of a nanomaterial is most likely the most 
important factor in determining genotoxicity (Gojova et al. 2007). Nano-characteristics 
as increased specific surface, solubility and ROS generation may play a role as well 
in modulating the characteristics of the substance, mostly towards a higher genotoxic 
potential. However, as long as no factor is found that is clearly correlated to 
genotoxicity, the genotoxic potential of a novel nanomaterial cannot be predicted. 
Hence, the question if nanomaterials are genotoxic has to be answered case by 
case. Genotoxicity testing, preferentially under standardized conditions, is thus 











Tab. 7 Comparison of the genotoxic potential of different nanomaterials  
Metric parameters, solubility and ROS generation as well as the outcome of the comet assay and the 
micronucleus test are given for nano vanadium trioxide (nV2O3), nano vanadium pentoxide (nV2O5), 
nano titanium dioxide (TiO2), nano carbon black (CB) and nano zinc oxide (ZnO). (-): no difference to 
control; (+): 2-fold increase relative to control; (+++): 10-fold increase relative to control; (yy): strong 
genotoxicity; (y): weak genotoxicity; (n): no genotoxicity. (n.d.): not determined. The shading indicates 
the strength (or the size, respectively): the darker the color, the stronger the effect / the smaller the 
size of the particle. 
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TiO2 mean size 
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n.d. +++2 - + y 
ZnO mean size 
40 nm 
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1: (Franklin et al. 2007) 2: Nanocare Report 2009. 
4.8.4 Are standard genotoxicity tests suitable for the testing of 
nanomaterials? 
The genotoxicity testing of nanomaterials in this work was performed with two 
standard tests that are widely used. However, for viability assays, interferences of the 
material with components of the test system leading to erroneous results have been 
reported (Worle-Knirsch et al. 2006; Monteiro-Riviere et al. 2009). What about the 
comet assay and the micronucleus test? Are there limitations for the use with 
nanomaterials? 
Indeed, insoluble particles may pose a problem in the comet assay. Whereas scoring 
was straightforward for vanadium oxides and ZnO, the analysis of samples treated 
with TiO2 and CB was sometimes difficult. The particles that have been taken up into 
the cell may be released during cell lysis. Especially at high concentrations, particles 
present in the agarose gel and associated with DNA changed the fluorescence of the 
Discussion 
105 
comets (Fig. 41). I only scored comets without particles, but an automated analysis 
system or a scorer unaware of this problem might include “wrong” comets and end up 
with wrong results. 
 
 
Fig. 41 Insoluble nanoparticles interfere with comet analysis. 
Insoluble nanoparticles such as carbon black or TiO2 are often found associated with the DNA of lysed 
cells in the comet assay. Scoring of such comets would yield erroneous results, as the fluorescence 
intensities are decreased (carbon black) or increased (TiO2). 
In the micronucleus test experiments presented in this work, no disturbance due to 
nanoparticles has been observed. However, it is conceivable that intracellular 
agglomerates of particles resembling micronuclei may wrongly be scored as 
micronuclei. Thus, it is very important that experienced persons perform the 
micronucleus scoring. Moreover, high cellular loads of nanoparticles could also hide 
micronuclei. Hannu Norppa’s group observed this phenomenon for TiO2 particles 
(personal communication). In this case, the applied doses have to be carefully 
chosen. 
In summary, the application of standard tests with nanomaterials may not be 
straightforward. Scientists should always be careful and think of the possibility of 
interferences and validate the tests for the use with nanomaterials. 
4.8.5 Nanomaterials – is there a cancer risk? 
Nanomaterials are found in numerous products nowadays, and consumers may 
wonder if there is a cancer risk when using these products. 
My results showed that the genotoxic potential of TiO2 and ZnO, which are commonly 
used as sunscreens, is apparently low. Thus, there is most likely no genotoxic risk for 
the population, even if they are exposed to considerable amounts when applying sun 
screens directly to their skin. This holds true in particular as healthy skin is not 
penetrated by nanoparticles (Kiss et al. 2008).  
control carbon black TiO2 
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Carbon black was weakly genotoxic at high concentrations (25 µg/cm2). In the 
general population, exposure to such concentrations is unlikely to occur. However, 
the results shown here are derived from short-term studies; the effect of long-term 
exposure to low doses might be different. Some studies reported genotoxicity of 
carbon black already at lower concentrations and the induction of lung tumors after 
(chronic) inhalative exposure to carbon black (Nikula et al. 1995; Schins et al. 2007). 
To be on the safe side, consumer products containing carbon black (e.g. printer 
toners) should apply formulations that minimize or prevent aerosol formation. 
Moreover, the disposal or recycling of products with carbon black has to be done 
carefully in order to prevent emission of carbon black particles into the environment. 
Individuals that are occupationally exposed to respirable carbon black should be 
protected and monitored to avoid the risk of cancer formation.  
 
The applications of nano-sized vanadium oxides and thus the exposure is very 
limited for the general population as well. Thus, even if nano V2O3 possesses a 
considerable genotoxic potential, I do not see a general risk for human health. On the 
other hand, occupationally exposed individuals (e.g. during production or use of 
nanomaterials in catalytical processes) might face a greater risk, and should thus be 
monitored and protected by protective equiment when handling nanomaterials. 
 
Finally, what we can learn from this work besides the results for single nanomaterials, 
is that the genotoxic potential of nanomaterials can be very different from the 
corresponding bulk materials. The amount of DNA damage induced by bulk and 
nanomaterial of the same chemical composition may vary a lot, and this may hold 
true for other nanomaterials as well. Hence, as long as there is no parameter that can 
predict the genotoxic potential and the resulting cancer risk reliably, genotoxicity 
testing of novel nanomaterials may reveal unexpected results and is definitely 
required to be able to assess and prevent health risks correctly. 
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